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PREFACE 


When I first became interested in pollination biology 
around thirty years ago, there was essentially just one 
book to consult for core information, the classic by 
Faegri and van der Pijl, The Principles of Pollination 
Ecology, which has been the inspiration to genera¬ 
tions, its last edition appearing in 1979 but still struc¬ 
tured around the 1966 original. But twenty years on 1 
became frustrated that there had been no single vol¬ 
ume since that date which covered the field. This is 
particularly extraordinary given that the subject itself 
has expanded and blossomed prodigiously, both in its 
own right and as a testing ground for wider theories, as 
well as having assumed greater importance in both sci¬ 
entific circles and as a wider public concern. 

It has not been all quiet on the publishing front 
since the 1970s of course. There have been excellent 
books with more of a natural history approach (M. 
Proctor et al. 1996; Buchmann and Nabhan 1996) and 
botanical books concentrating on floral structures 
(Barth 1985; Endress 1994) or on floral development 
(Glover 2007). Over the same period many extremely 
useful edited volumes have also appeared, each with 
chapters contributed by experts updating readers on 
particular themes, such as nectar and nectaries (Bent¬ 
ley and Elias 1983; Nicolson et al. 2007), anthers and 
pollen (D’Arcy and Keating 1996; Dafni et al. 2000), 
and floral scents (Dudareva and Pichersky 2006). Sev¬ 
eral books have compiled useful reviews on practical 
techniques (Dafni 1992; Kearns and Inouye 1993; 
Dafni et al. 2005) or on applied aspects of crop polli¬ 
nation (Free 1993), while Chittka and Thomson (2001) 
took a fresh approach by assembling chapters on as¬ 
pects of pollinator cognition and learning. 

But perhaps most important have been a select few 
edited volumes with broader pollination coverage and 
sometimes a more eclectic assemblage of contribu¬ 
tions. Here the editors have been very much the lead¬ 


ers in the field: Jones and Little (1983) began the trend 
with Handbook of Experimental Pollination Ecology, 
while Lloyd and Barrett (1996) produced Floral Biol¬ 
ogy: Studies on Floral Evolution in Animal Pollinated 
Systems, opening up a broader and more ecological 
and evolutionary perspective on the whole subject. 
Then two collected contributions came along in 2006, 
picking up the themes that had been emerging in the 
preceding decade: Waser and Ollerton in Plant-Polli¬ 
nator Interactions: From Specialization to General¬ 
ization, and Harder and Barrett in Ecology and Evolu¬ 
tion of Flowers. These have been seen as especially 
important in expounding new approaches and expos¬ 
ing older assumptions to a more critical analysis. The 
debates about generalization and specialization, and 
the usefulness of the syndrome concept or of alterna¬ 
tive modeling approaches, have been particularly 
thought-provoking, so that anyone starting out as a re¬ 
searcher in pollination ecology will find much to en¬ 
gage them from the authors represented in those two 
books. 

Those readers, however, would not get the back¬ 
ground information, the core material of pollination 
and floral biology. A beginner would still have to ex¬ 
plore very widely across the mass of scientific jour¬ 
nals, hoping to light upon a reasonably up-to-date re¬ 
view article. And in the last decade the primary 
literature has undergone an extraordinary explosion in 
volume, almost more than in any other field, partly be¬ 
cause of the practical and applied environmental prob¬ 
lems now seen to be emerging with pollination ser¬ 
vices, and partly because around twenty-five years ago 
interest began to spread much more widely beyond the 
European and North American temperate pollination 
systems, with expertise emerging especially in the 
New and Old World Tropics, in southern Africa and 
Australia, and in Japan and China. 
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For all these reasons, it seemed to me timely to at¬ 
tempt a book that would cover the subject more thor¬ 
oughly, providing chapters on every key topic, and 
serve both as an introduction for anyone coming into 
the field as advanced undergraduate or postgraduate 
and as a source book for professionals. Begun half 
way through the decade, it has inevitably burgeoned 
beyond the original intentions as the expanding litera¬ 
ture burst around my ears, to the distress of my pub¬ 
lishers. But the resulting book will, I hope, achieve at 
least part of its aims and will not too greatly annoy 


those highly respected authors whose work I draw 
heavily on. Some, seeing pollination biology as pio¬ 
neering a new era where ecological modelers have 
more to tell us than old-style field workers, might 
find my approach too traditional. But at least those 
coming in to the field hereafter may gain a better un¬ 
derstanding of the foundations on which models can 
be built and so will better see where the key issues 
may lie. 

Pat Willmer, November 2009 
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Chapter 1 

WHY POLLINATION IS INTERESTING 


Outline 

1. Which Animals Visit Flowers? 

2. Why Do Animals Visit Flowers? 

3. How Do Flowers Encourage Animal Visitors? 

4. What Makes a Visitor into a Good Pollinator? 

5. Costs, Benefits, and Conflicts in Animal 
Pollination 

6. Why Is Pollination Worth Studying? 


The flowering plants (angiosperms) account for about 
one in six of all described species on earth and provide 
the most obvious visual feature of life on this planet. 
In the terrestrial environment, their interactions with 
other living organisms are dominant factors in com¬ 
munity structure and function; they underpin all nutri¬ 
ent and energy cycles by providing food for a vast 
range of animal herbivores, and the majority of them 
use animal pollinators to achieve reproduction. Most 
of the routine “work” of a plant is carried out by roots 
and leaves, but it is the flowers that take on the crucial 
role of reproduction. 

A flower is usually hermaphrodite, with both male 
and female roles. Hence it is essentially a structure 
that produces and dispenses the male gametophytes 
(pollen), organizes the receipt of incoming pollen 
from another plant onto its own receptive surfaces on 
the stigma, and then appropriately guides the pollen’s 
genetic material to the female ovules. The flower also 
protects the delicate male and female tissues (stamens 
and pistils) and has a role in controlling the balance 
between inbreeding and outbreeding, hence influenc¬ 
ing the genetic structure and ultimately the evolution¬ 


ary trajectory of the plant. But the plant itself is im¬ 
mobile, so that incoming pollen has to be borne on 
some motile carrier, sometimes wind or water but 
much more commonly on a visiting animal. To quote 
one source (Rothrock 1867), “among plants, the nup¬ 
tials cannot be celebrated without the intervention of 
a third party to act as a marriage priest”! A pictorial 
overview of the stages is shown in figure 1.1, covering 
the processes of pollination that are the focus of this 
book. 

A flower also serves to protect the pollen as it ger¬ 
minates and as the male nucleus locates the egg and 
then to protect the ovules as they are fertilized and be¬ 
gin their development into mature seeds. However, 
these later events (germination of the pollen and fer¬ 
tilization of the ovule) are technically not part of pol¬ 
lination, and they are covered here only as needed to 
understand the characteristics and effects of pollen 
transfer. 

Since flowers bring about and control plant repro¬ 
duction, they are central to much of what goes on in 
the terrestrial world, and pollination is a key mutual¬ 
ism between two kingdoms of organisms, perhaps the 
most basic type of exchange of sex for food; the plant 
gains reproductive success, and the animal—usually— 
gains a food reward as it visits the plant. But the visitor 
does not “want” to be a good pollinator and has to be 
manipulated by the plant to move on and to carry pol¬ 
len to another plant. In practice, only about 1 % of all 
pollen successfully reaches a stigma (Harder 2000). 

Nevertheless, pollination by animals (biotic polli¬ 
nation) is both more common (Renner 1998) and usu¬ 
ally more effective than alternative modes of abiotic 
pollen movements using wind or water, and animal 
pollination is usually also associated with more rapid 
speciation of plants (Dodd et al. 1999; K. Kay et al. 
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Figure 1.1 The central processes of pollination in a 
typical angiosperm flower, with the route taken by 
pollen from anther to stigma (followed by pollen tube 
growth into the style) in an animal-pollinated species. 
(Modified from Barth 1985.) 


2006). Discussion of animal pollination therefore 
dominates this book, and around 90% of all flowering 
plants are animal pollinated (Linder 1998; Renner 
1998). Furthermore, plants are, of course, the founda¬ 
tion of all food chains on the planet, and their efficient 
pollination by animals to generate further generations 
is vital to ensure food supplies for animals. Natural 
ecosystems therefore depend on pollinator diversity to 
maintain overall biodiversity. That dependence natu¬ 
rally extends to humans and their agricultural systems 
too; about one-third of all the food we eat relies di¬ 
rectly on animal pollination of our food crops (and the 
carnivorous proportion of our diet has some further in¬ 
direct dependence on animal pollination of forage 
crops). Pollination and factors that contribute to the 
maintenance of pollination services are vital compo¬ 
nents to take into account in terms of the future health 
of the planet and the food security and sustainability of 
the human populations it supports. 

Beyond its practical significance, the flower-animal 
mutualism has been a focus of attention for naturalists 
and ecologists for at least two hundred years and pro¬ 
vides almost ideal arenas for understanding some of 
the fundamental aspects of biology, from evolution 
and ecology to behavior and reproduction. It is per¬ 
haps more amenable than any other area to providing 
insights into the balance and interaction of ecological 
and evolutionary effects (Mitchell et al. 2009). Flow¬ 
ers are complex structures, and their complexity admi¬ 


rably reveals the actions, both historical and contem¬ 
porary, of the selective agents (mainly, but not solely, 
the pollinators) that we know have shaped them. These 
factors make floral biology an ideal resource for un¬ 
derstanding biological adaptation at all levels, in con¬ 
trast with many other systems, where there are multi¬ 
ple and often uncertain selective agents. 

In this first chapter, some of these central themes 
are introduced to set the scene for more specialist 
chapters; it should be apparent from the outset that 
while each chapter might stand alone for some pur¬ 
poses, it cannot be taken in isolation from this whole 
picture. 

1. Which Animals Visit Flowers? 

At least 130,000 species of animal, and probably up to 
300,000, are regular flower visitors and potential pol¬ 
linators (Buchmann and Nabhan 1996; Kearns et al. 
1998). There are at least 25,000 species of bees in this 
total, all of them obligate flower visitors and often the 
most important pollinators in a given habitat. 

There are currently about 260,000 species of angio- 
sperms (R Soltis and Soltis 2004; former higher esti¬ 
mates were confounded by many duplicated namings), 
and it has been traditional to link particular kinds of 
flowers to particular groups of pollinators. About 500 
genera contain species that are bird pollinated, about 
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250 genera contain bat-pollinated species, and about 
875 genera predominantly use abiotic pollination; the 
remainder contain mostly insect-pollinated species, 
with a very small number of oddities using other kinds 
of animals (Renner and Ricklefs 1995). 

The patterns of animal flower visitors differ region¬ 
ally. In central Europe, flower visitors over a hundred 
years ago were recorded as 47% hymenopterans 
(mainly bees), 26% flies, 15% beetles, and 10% but¬ 
terflies and moths; only 2% were insects outside these 
four orders (Knuth 1898). But in tropical Central 
America, the frequencies would be very different, with 
bird and bat pollination entering the picture and fewer 
fly visitors, while in high-latitude habitats the verte¬ 
brate pollinators are absent and flies tend to be more 
dominant. Some of these patterns will be discussed in 
chapter 27. 

2. Why Do Animals Visit Flowers? 

The majority of flower visitors go there simply for 
food, feeding on sugary nectar and sometimes also on 
the pollen itself. Chapters 7 and 8 will therefore deal in 
detail with these commodities, and chapter 9 will cov¬ 
er a few more unusual foodstuffs and rewards that can 
be gathered from flowers; chapter 10 will take an eco¬ 
nomic view of all these food-related interactions, in 
terms of costs and benefits to each participant. Major 
themes in other chapters include the ways that flower 
feeders can improve their efficiency: learning recogni¬ 
tion cues to select between flowers intra- and interspe- 
cifically, learning handling procedures, learning to 
avoid emptied flowers, and avoiding some of the haz¬ 
ards of competing with other visitors. 

Flowers are also sometimes visited just as a conve¬ 
nient habitat, often simply because they offer an equa¬ 
ble sheltered microclimate for a small animal to rest 
in, a place that is somewhat protected against bad 
weather, predators, or parasitoids. Or flowers may of¬ 
fer a reliable meeting site for mates or hosts or prey, or 
for females an oviposition site providing shelter for 
eggs and larvae. More rarely they are used as a warm¬ 
ing-up site by insects in cold climates, usually because 
the flowers trap some incoming solar radiation, which 
enhances their own ovule development, but occasion¬ 
ally because a few flowers can achieve some metabolic 
thermogenesis that warms their own tissues (chapter 9 
will provide more details on this topic). 


3. How Do Flowers Encourage 
Animal Visitors? 

Many plant attributes contribute to attraction of visi¬ 
tors: J. Thomson (1983) usefully groups these as plant 
presentation. Some of these attributes are readily ap¬ 
parent to visitors, and these may be features of indi¬ 
vidual flowers (e.g., color, shape, scent, reward avail¬ 
ability, or time of flowering) or features of whole plants 
or groups of plants (e.g., flower density, flower num¬ 
ber, flower height, or spatial pattern). The more readily 
apparent plant presentation traits can be divided into 
attractants (advertising signals), dealt with mainly in 
chapters 5 and 6, which discuss visual and olfactory 
signals, and rewards (usually foodstuffs), dealt with in 
chapters 7-9. Aspects of the timing and spacing of 
flowers, and how these might be affected by competi¬ 
tion between different flowering plants, are given more 
in-depth treatments in chapters 21 and 22. 

Other floral attributes are more cryptic to the visitor 
and may only determine the reproductive success of 
the plant in the longer term; these might include pollen 
amounts, ovule numbers, the genetic structure of the 
plant population, the presence and type of incompat¬ 
ibility system, etc. 

It is generally in the plant’s interest to support and 
even improve its visitors’ efficiency, encouraging them 
to go to more flowers of the same species (so ensuring 
that only conspecific pollen is taken and received) and 
to go to flowers with fresh pollen available and/or with 
receptive stigmas for pollen to be deposited upon. 
Many flowers therefore add signals of status to their 
repertoire, via color change, odor change, or even 
shape change. Visitors are thereby directed away from 
flowers that are too young or too old or already polli¬ 
nated. Instead they will tend to concentrate their ef¬ 
forts on those (fewer) flowers per plant that are most in 
need of visitation, thus also being encouraged to move 
around between separate plants more often and to en¬ 
sure outcrossing rather than selling. Reasons for fa¬ 
voring breeding by outcrossing (i.e., with other plants) 
are covered more fully in chapter 3. 

4. What Makes a Visitor into 
a Good Pollinator? 

In many ways this is the crucial theme running through 
this book. It relates to what is probably the major 
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current debate in pollination ecology, that is, to what 
extent pollination it is a generalist process and to what 
extent it is a specialist one. Pollination has in the past 
nearly always been categorized in terms of syndromes, 
with particular groups of flowers recognized as hav¬ 
ing particular sets of characteristics (of color and 
scent, shape, timing, reward, etc.) that suit them to be 
visited by particular kinds of animals; and it is im¬ 
plicit in this approach that these suites have often been 
arrived at and selected for by convergent evolution in 
plant families that are unrelated. Thus most authors 
have used terms such as ornithophily to describe the 
bird pollination syndrome, or psychophily for the 
butterfly pollination syndrome. Flower characteristics 
would be listed that fit each syndrome, and an unfa¬ 
miliar flower’s probable pollinators could therefore be 
predicted. Flowers in each category were seen as hav¬ 
ing a degree of specialization that suited them to their 
particular visitors, with some syndromes being more 
specialized than others. Nearly all earlier works on 
pollination were organized around this theme of syn¬ 
dromes, and it served as a useful structure for under¬ 
standing animal-flower interactions for nearly two 
centuries. Without knowing this background it would 
be nearly impossible to follow the current debates that 
are a major focus for pollination ecologists, and it 
would also be very difficult to structure the informa¬ 
tion on flower attractants and flower rewards in chap¬ 
ters 5-9. This book thus retains a syndrome-based ap¬ 
proach throughout its early chapters and explicitly 
considers the evidence in support of a syndrome ap¬ 
proach in chapter 11; then it unashamedly covers each 
of the syndromes in turn in chapters 12-19, providing 
all the core materials on which later criticisms might 
be based. 

The criticisms and debates focus around the reality 
of syndromes and how far they have been overplayed 
in the previous literature, perhaps blinkering or bias¬ 
ing our perceptions. Many authors now regard flower 
pollination as a much more generalized phenomenon, 
where most flowers get many different kinds of visi¬ 
tors and have not been and are not being heavily se¬ 
lected to specialize for the needs of one particular 
“best” visitor. This approach is specifically addressed 
in chapter 20. It will be a major argument there that the 
issue has been clouded by an as yet insufficient dis¬ 
tinction between flower visitors and pollinators. So 
what does make a visitor into a good pollinator? 


Physical Factors 

Any animal that is to be an effective pollinator must 
have the ability to passively pick up pollen as its body 
moves past the anthers of a flower that it visits and 
carry that pollen to another flower. Normally this will 
be aided by the animal being a good physical fit in 
terms of size and shape, so that in alighting on the 
flower surface, or when inserting its tongue or beak of 
appropriate length, some specific part of its body 
touches the anther. Additionally pollen pickup and car¬ 
riage will be aided if the animal has appropriate sur¬ 
face structures', pollen adheres well to feathers, fur, 
and hairy or scaly surfaces in insects but does not get 
transported well on shiny or waxy surfaces (and may 
even be damaged by certain surface secretions). Flence 
a small shiny beetle taking some nectar by crawling 
into the lower surface of a large tubular corolla where 
the anthers are in the corolla roof may well be a regu¬ 
lar visitor to that flower but is unlikely to be an effec¬ 
tive mover of its pollen; in effect, it is acting as a 
“cheat” as far as the flower is concerned and may be 
termed an illegitimate visitor. 


Behavioral Factors 

Different animals land on and forage at flowers in very 
different fashions. There are many aspects of behavior 
that will affect whether a given animal is going to be a 
good pollinator. Pollinators will seldom have a com¬ 
plete perception of all the aspects of plant presentation 
mentioned above, but they will respond to at least 
some of them in ways that are useful to the plant: 

1. Their choices of places and times to visit, and ex¬ 
actly which flowers to visit, will be critical. Visits 
occurring before dehiscence (the splitting of the 
anthers to reveal the pollen) or after pollen deple¬ 
tion are normally of no value to the flower in ful¬ 
filling its male role, and visits before or after the 
stigma is receptive to incoming pollen are of no 
value to the flower in its female role. 

2. Their handling of the flowers affect their pollen 
pickup and deposition characteristics; ideally they 
should receive pollen at a specific site on their 
bodies, and one that is also a good site for subse¬ 
quent deposition of that pollen onto a stigma. 
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3. Their handling time per flower affects how many 
flowers are visited in a given time. 

4. Their speed and directionality of movement be¬ 
tween plants affect pollen dispersal. 

5. They should not be too efficient at grooming off 
the pollen, or indeed at eating it. 

6. Their flower constancy , that is, the likelihood that 
they will move to another flower of the same spe¬ 
cies, is perhaps most critical. If they innately or by 
learning prefer a particular flower phenotype, 
their high constancy will usually ensure that they 
move neatly and sequentially among conspecific 
flowers, not wasting pollen by depositing it in the 
wrong species. Constancy to a flower (considered 
in detail in chapter 11) gives economies to the vis¬ 
itor also; it may minimize travel distances, han¬ 
dling times, and learning effort and maximize pol¬ 
len packing. 

Behavioral factors such as these are often the key to 
being a good pollinator and of course are affected by 
the animals’ abilities to learn as they become more ex¬ 
perienced as foragers. The ability to form a search im¬ 
age or to respond consistently to other cues, associat¬ 
ing particular signals with the presence of food, hones 
their foraging ability and can cement their relation¬ 
ships with particular flowers. Hence later chapters of 
this book, in considering particular groups of animals 
that visit flowers, include careful consideration of their 
sensory and learning capacities. 

Physiological Factors 

Animals have differing physiological strategies and 
constraints, and these too can affect their energetic 
needs and thence their flower-visiting patterns, as will 
be discussed in chapter 10. Most animals (including 
nearly all invertebrates, and therefore many of the in¬ 
sect flower visitors) lack elaborate internal physiologi¬ 
cal regulatory systems, and their thermal balance and 
water balance are strongly influenced by environmen¬ 
tal conditions. They cannot function if they are too hot 
or too cold or are short of water, and must forage in 
times and places that provide suitable microclimates, 
using the sun’s radiation to warm up by basking, or 
shady places to cool down again, and seeking (usually) 
sites that are relatively humid. However, birds and bats 
are physiologically more sophisticated and can regu¬ 


late their body temperature and water balance more 
precisely; they generate heat internally through their 
own metabolism (endothermy) and regulate their own 
body fluids with efficient skin exchanges, respiratory 
controls, and excretory organs. They can in principle 
forage at almost any time and in any habitat, though 
they may still conserve their own energy by picking 
more equable sites. 

The distinction does not lie exactly between the 
vulnerable invertebrates and the highly regulated birds 
and mammals, however. It is now clear that a rather 
small proportion of insects can also show endothermy, 
at least some of the time when they need to warm up in 
the absence of solar inputs (chapter 10); this applies 
especially to most bees, a few hoverflies, some large 
moths, and some beetles, occurring more sporadically 
in other groups. It is perhaps no coincidence that endo¬ 
thermic abilities in insects are most common in the 
flower-visiting groups, which have access to ready 
fuel supplies in the form of nectar but which may also 
need to compete for that nectar in the cool of early 
mornings or at dusk. 

Given the list of factors that can turn a visitor into a 
good pollinator, two obvious points should emerge: 

1. A great many of the animals that go to flowers for 
a short drink of nectar may be rather poor at pollinat¬ 
ing that flower. Those with a poor physical fit, those 
that cheat, and those with little or no flower constancy 
are likely to be especially ineffective. 

2. Of all the visitors, bees are likely to be especially 
good as pollinators. They rely solely on flowers for 
food, both as adults and as larvae, and so must visit 
more flowers than any other animals. Their sizes, hairy 
surfaces, and variably long tongues, their excellent 
learning abilities, communication systems and floral 
constancy, and their endothermic capacities all equip 
them to visit flowers efficiently (from their own per¬ 
spective) and effectively (from the plant’s point of 
view). Although they are sometimes described as pol¬ 
len wasters (because they, or rather their offspring 
back at the nest, eat so much of the pollen that they 
pick up), they are by far the most important pollinators 
in most ecosystems, and they do achieve high pollen 
export from visited flowers (Harder and Wilson 1997); 
plants have adapted over evolutionary time to make 
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best use of them by providing more than enough pol¬ 
len to cater for their needs and ensure that sufficient 
pollen still commonly reaches other flowers. 

5. Costs, Benefits, and Conflicts in 
Animal Pollination 

Plants with hermaphrodite flowers benefit greatly be¬ 
cause a single animal visit can allow both pickup of 
pollen and its deposition on a stigma, fulfilling both 
the male and female functions of that flower at the 
same time. Animals benefit greatly by finding easily 
acquired foods, both sugary (nectar) and often also 
proteinaceous (pollen). Pollination by animals may 
therefore be a mutualism, of benefit to both partici¬ 
pants, but it is not altruistic; for the animals, pollina¬ 
tion of the flowers they forage at is almost always just 
an irrelevant by-product. In fact the plant and animal 
have a conflict of interest, often with adaptation and 
counteradaptation going on from both sides through 
evolutionary time to try and get a bigger share of the 
benefits. So the situations that we see now are the end 
products of the long and sometimes quite duplicitous 
associations of flowers with animals. 

The plant ideally wants a visitor that is cheap to 
feed, alighting only briefly, moving on rapidly to an¬ 
other plant, and being faithful to its chosen plant spe¬ 
cies; so ideally, the forager should be chronically un¬ 
derfed and continuously on the move. But (again 
ideally) the animal would prefer to be as well fed and 
lazy as possible, getting as much food as it can from 
one flower with minimum energy expenditure, being 
relatively sedentary, and then moving on to any other 
nearby flower with copious nectar, whatever its spe¬ 
cies (although we already noted that some degree of 
fidelity may improve its foraging efficiency). 

Hence, although there are obvious benefits to both 
partners, there are potentially clear costs as well. The 
plant has to invest in attractants (its carbon and nitro¬ 
gen resources are used to make flamboyant petals, pig¬ 
ments, and chemical scents), as well as mere rewards. 
If the plant reduces its rewards too far, the animal may 
not get enough food and will give up on that species. 
The plant generally also has to compete with other 
plant species for pollination, to obtain a share of the 
“good” pollinators, so it cannot afford to skimp on its 
offerings too much if it is growing within a reasonably 
diverse plant community. Many plants also have to 


offset the additional costs of animal exploiters: those 
visitors who take rewards without pollinating (thereby 
cheating, chapter 24) and the flower eaters (florivores) 
or foliage herbivores also attracted by the pollination 
cues (chapters 25 and 26). For the animals, there may 
be costs linked to carrying the pollen they have inad¬ 
vertently picked up (sometimes it is very unwieldy and 
can interfere with their wings or legs or sense organs), 
which may favor animals trying to cheat, and there 
may be costs also from the potential risks of predation 
or parasitism at flowers, since enemies can use them as 
a place to find prey or hosts reliably (chapter 24). 
There are also costs arising from the tendencies of the 
plants to cheat (chapter 23) by offering no real reward 
and sometimes by trapping the animal. 

6. Why Is Pollination Worth Studying? 

Pollination ecology can provide almost unparalleled 
insights into evolution, ecology, animal learning, and 
foraging behavior (fig. 1.2). It is perhaps the best of all 
areas to see and understand some basic biological pro¬ 
cesses and patterns; studies that deal exclusively with 
pollination biology have often had major impacts on 
general ecological and evolutionary theory. 

Pollination interactions often show us evolution by 
natural selection in action almost before our eyes and 
provide some very clear-cut examples of adaptive ra¬ 
diation and, perhaps, of plant speciation. They are 
particularly useful for studying coadaptations (co¬ 
evolution), because such interaction often involve rel¬ 
atively few organisms interacting with relatively high 
interdependence and incorporating the most funda¬ 
mental of phenomena (reproduction for the plant, food 
supply for the animal). There are selection pressures 
on each side of the partnership, offering hopes that ef¬ 
fects at the basic level of male and female gene flow 
can be quantified, sometimes (in crop pollination espe¬ 
cially) on a time scale that can be detected within one 
scientist’s period of study. 

In terms of ecology, the study of pollination sheds 
light on how different organisms interact and affect 
each other, especially the competitive effects of plants 
upon each other, and on the various levels of interac¬ 
tions of plants with pollinators, including resource al¬ 
location, competition, exploitation, and simply cheat¬ 
ing. In the last two decades there has been an increasing 
stress on community-level interactions in pollination 
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Environmental factors 



Figure 1.2 Key interactions of major biological topics and themes promoting interest in the study of pollination. 


biology, now seen as an especially useful (because 
highly quantifiable) arena for more general work on 
community structures (J. Thomson 1983); so this book 
inevitably considers the community ecology of polli¬ 
nation, especially in later chapters. 

Pollination biology also gives exceptional insight 
into the ecology of reproductive strategies and the 
complexities of sex and reproduction. Flowers usually 
are hermaphrodites, but they have many ways of orga¬ 
nizing their sex life sequentially or spatially to maxi¬ 
mize their reproductive output and fitness. This book 
contains rather little coverage of plant reproductive 
strategies beyond the basics, because the field has now 
become dominated by theory and modeling, and the 
topic has also been extensively and recently reviewed 
in other works (e.g.. Harder and Barrett 2006). 

In the realm of animal behavior some key influ¬ 
ences can be especially easily measured and manipu¬ 
lated with flower visitors, and it is no accident that 
much of the key work on visual discrimination, learn¬ 
ing behaviors, and above all optimal foraging has 
used pollinators, especially bees. Optimal diet theory 
can model how animals should behave in an environ¬ 


ment offering different proportions of alternative prey 
as potential food items of differing value (also taking 
into account factors such as conspicuousness and dif¬ 
ferent variances). The theory predicts that a range of 
outcomes from complete specialization on one kind of 
prey item to complete generalization on all possible 
items is to be expected, even from the same animal, as 
the prey parameters are varied. Substituting “flower” 
for “prey item” (and with the immense advantage of 
very easily quantified caloric rewards from nectar), it 
is not unexpected that pollinators similarly turn out to 
show almost the full range of possible foraging behav¬ 
iors. Furthermore, they have proved ideal subjects with 
which to develop foraging models that can take into 
account different constraints on the foraging animals, 
whether from different physiological limits or from 
different cognitive skills. Learning ability is especially 
needed where resources are of intermediate predict¬ 
ability (Stephens 1993): that is, too unpredictable over 
one or a few generations for fixed behavior patterns to 
be favored, but not so greatly unpredictable that an in¬ 
dividual cannot track the changes. This exactly applies 
to floral resources, so that we should expect flower 
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visitors from any taxon to be good learners. Fortunate¬ 
ly this is also readily tested with real or model flowers 
where just one trait at a time can be varied or associa¬ 
tions of traits compared; again, social bees are ideal 
animals to work with, reliably emerging from their 
nests and traveling straight to the flowers provided, 
then displaying clear choices between alternative 
flowers. 

For all these reasons, and with the added concern over 
human-induced effects on pollinator services in rela¬ 
tion to biodiversity and to crops, interest in pollination 
ecology has burgeoned in the last ten to fifteen years, 
and the subject is attracting strong interest beyond the 
traditional academic centers of the developed world, 
giving us valuable insights into more varied habitats in 
Asia, Africa, and South America and into a greater di¬ 
versity of interactions. Increasingly these systems are 
being modeled, and our preconceptions (of these and of 
other kinds of mutualisms) are being challenged. But 


the models are sometimes hampered by reliance on in¬ 
adequate records, and understanding, of flower-visitor 
behaviors, and one of the most important issues for the 
immediate future is ensuring that the new generation of 
pollination ecologists understand the core subject ma¬ 
terial of floral biology and can measure and categorize 
pollination as distinct from mere visitation to feed into 
their models. We are in need of many and better quan¬ 
titative studies of the effectiveness of visitors (for ex¬ 
ample, the average number of conspecific outcrossing 
pollen grains deposited on a stigma at an appropriate 
time by a given visitor in a single visit; chapter 11). 
Then we can properly understand plant and pollinator 
communities and pollination networks, and the effects 
of potential extinctions of flower visitors/pollinators on 
the communities of which they are a part. This book 
therefore hopes to provide in a single source a useful 
reference for all the aspects of floral biology and polli¬ 
nation interactions that need to be considered to give a 
real appreciation of these fascinating mutualisms. 
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Flowers are essentially the containers for a plant’s sex 
organs, but they must perform several interrelated 
functions. Most obviously, and taking center stage 
here, they make and mature the gametes and then dis¬ 
pense the male gametes in such a way that they will be 
transported to another appropriate flower in the pro¬ 
cess of pollination, leading to fusion with female gam¬ 
etes. However, the flower must also be structured so 
that it protects the crucial sex organs through pollina¬ 
tion and seed set, both from the environment (exces¬ 
sive rain or drought, freezing, heat load in full sun or 
during flash fires, physical damage in high winds) and 
from herbivorous animals (whether these be tiny suck¬ 
ing insects or large browsing and trampling verte¬ 
brates). The relative importance of the protective func¬ 
tion in flowers varies enormously, and for many plants 
the issue of protection of the living tissues is perhaps 
less crucial than for most animals; plants are usually 
modular, with many sex organs in many flowers, so 
that they can afford to lose some flowers and regrow a 


new supply (whereas animals normally are not modu¬ 
lar and have a very limited and nonrenewable supply 
of gonads). Investment in flower protection is there¬ 
fore often quite limited, but it may become paramount 
for species with only intermittent flowering, or with 
just a few large and expensively constructed flowers, 
or with an extremely limited supply of pollinators; the 
various ways in which flowers can be protected are 
considered in more detail in chapter 24. Here we will 
concentrate primarily on the design features related to 
sexual function in pollination. 

Flowers come in an astonishing variety, whether 
viewed across the entire spectrum of angiosperm fami¬ 
lies (appendix) or merely one family at a time. A fam¬ 
ily such as the Ranunculaceae has flowers ranging 
from simple bowls (e.g., Ranunculus species such as 
buttercups) to complex bilateral pendant tubular de¬ 
signs with elaborate internal nectaries accessible only 
to long-tongued bees (e.g., many Aconitum) and to 
tiny fluffy flowers where only the anthers are conspic¬ 
uous (e.g., Thalictrum). Other families show similar 
variation but often produce the same three broad kinds 
of flowers, suggestive of convergent evolution. 

Not only are individual flowers exceptionally var¬ 
ied in shape, size, and appearance, but the story is fur¬ 
ther complicated by the tendency of flowers in many 
families to mass together as inflorescences. Here the 
overall floral display is determined by the combined 
appearance of a cluster of small flowers (sometimes 
then termed florets) into one seemingly whole struc¬ 
ture, which may in practice be the unit that is per¬ 
ceived, both by humans and by flower visitors, as the 
functional flower. We tend to refer to the complex mul¬ 
tiple inflorescence of hydrangeas, or of many umbel- 
lifers, as their flowers; and we almost always speak of 
the floral displays in the composites (Asteraceae— 
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Table 2.1 

Basic Floral Anatomy 


Base Flower stalk or pedicel 

I 

Upward 


anc 

1 Inward 

Receptacle 







Perianth 







r 

Carpels 

-Gynoecium 



Tip and center 


Flower 


daisies, asters, chrysanthemums, and their kin) as flow¬ 
ers, whereas in fact each is made up of many different 
florets, one kind making up the central disk and another 
kind forming the outer rays, which appear as petals. 

To consider flower design, then, we need to under¬ 
stand both the key components of an individual flower, 
to analyze their juxtaposition within one flower, and to 
review how the separate flowers can be assembled to¬ 
gether, in many flower families, into complicated in¬ 
florescences that become functional units in terms of 
display and attraction. 

1. Essential Flower Morphology 

Flowers are complicated assemblages of plant parts, 
modified originally from leaves. Repetitive patterns of 
units occur in series, growing centripetally and sitting 
upon the flower stalk. Table 2.1 shows the general pat¬ 
terns of floral parts, with the four main series of struc¬ 
tures from base to tip, or outer to inner: sepals, petals, 
stamens, carpels. This fundamental structure can be 
detected in most flowers from the basic arrangement in 
figure 2.1 A, though the details vary enormously; these 
details can often be conveniently expressed in terms of 
a simple flower diagram of the type shown in figure 
2. IB. In particular, the numbers of each part are highly 
varied: primitive magnoliids have very large numbers 
of petals, as do cacti, but in many dicot plants there are 
just five petals and five sepals, whereas in most mono¬ 
cots these structures come in threes. Even here many 
exceptions occur, and some important groups, such as 
the crucifers (Brassicaceae) and the poppies (Papaver- 
aceae), have their parts in multiples of two or four. 
These petal and sepal numbers may or may not be re¬ 


flected in the inner series of stamens and carpels: in 
the geranium family all the parts are in fives, and in the 
lily and iris families all are in threes, but in some other 
families this numerical consistency is lost, often with 
fewer carpels and more stamens than there are petals 
and sepals. 

During flower development each part or series 
forms in sequence, and is in turn influenced by the ini¬ 
tiation and growth of neighboring structures. The orig¬ 
inal apical meristem that will form the flower is pro¬ 
tected in a bract, within which floral organs are 
initiated; then as floral morphogenesis progresses, the 
first series of structures, the sepals, grows and sur¬ 
rounds the bud, within which the petals and the an- 
droecium (male) and gynoecium (female) form se¬ 
quentially. To add further variety, the fundamental 
structures may fuse into a ring as they arise or during 
ontogeny to form tubular organs. And sometimes parts 
of different floral organs may fuse, to form organ com¬ 
plexes. However, the basic underlying anatomy can 
still usually be described by a simple floral diagram as 
in figure 2. IB. 

The primary functions of flowers are always per¬ 
formed by these basic and genuinely floral structures, 
but as we will see, some of the secondary functions 
(protecting, guiding, advertising, and rewarding) may 
be taken over by organs outside the flowers. 

2. The Perianth 

The outermost structures of a flower collectively form 
the perianth; this sits upon the receptacle, which is 
really just the expanded often cone-shaped end of the 
flower stalk, or pedicel. The perianth itself may be 
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Figure 2.1 (A) The basic structure of a flower, with both female (gynoecium) 
and male (androecium) reproductive parts (modified from Faegri and van der 
Pijl 1979 and later sources). (B) A classical flower diagram showing an idealized 
structure in transverse section and the relation of the four major whorls of floral 
parts. 


protected by extrafloral bracts, which in some cases 
are brightly colored and serve both protective and ad¬ 
vertising functions. 

The perianth is made up of rather thin and flat struc¬ 
tures that enclose and usually protect the rest of the 
flower, and its tissues are sterile (nonreproductive). At 
anthesis (floral opening) the perianth commonly be¬ 
comes a major part of the floral display, attracting the 
pollinators. 

There may be either one or two series of perianth 
parts. Where there is only one series (or occasionally 
two but with no structural differentiation), the compo¬ 
nent parts are usually called tepals. However, in the 
majority of plants there are two series of distinctly dif¬ 
ferent structures—the sepals and petals—forming the 
perianth (as shown in table 2.1). 


sepal 



Calyx and Sepals 

The outer series of floral parts is mainly protective at 
all times in most plants and is termed the calyx, made 
up of sepals, often the same green color as the foliage 
but rather more robust. The calyx makes a cup (in 


which the rest of the flower sits), either by sepals over¬ 
lapping each other or by their fusion (producing the 
condition called gamosepaly). Sepals can be formed 
from a thickened epidermis that is relatively solid and 
free of airspaces or can be toughened by sclerenchy- 
ma to give a semiwoody protective base to the flower; 
in extreme cases, such as Costus, the sepals form a 
lignified coating over the whole inflorescence through 
which small cohorts of individual corollas emerge 
(plate 34F, G). The external surface of a calyx may be 
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further protected with glandular hairs (for example, in 
many Solanaceae) or with a waxy layer (for example, 
in eucalypts). Either of these additions may help to de¬ 
ter possible folivores, and some of the waxy calyces 
may also serve to reflect solar radiation, keeping the 
base of the corolla relatively cool. 

There are also quite a number of plant genera in 
which the calyx sepals take on all or part of the role of 
advertisement and pollinator attraction, both visual 
and olfactory (with scents from the glandular hairs). 
Sometimes the sepals form the main ring of colored 
visual attractants (and tend to be referred to incorrectly 
as the petals); this is common in the Ranunculaceae, 
including Helleborus (where petals may become nec¬ 
taries; chapter 8), and many Anemone and Pulsatilla 
species. 

Alternatively just one or a few of the sepals are en¬ 
larged and highly colored, giving the main visual sig¬ 
nal in some Rubiaceae and Verbenaceae. Something 
similar occurs in many euphorbs, such as Dalecliam- 
pia (plate 1 IF), although there it is bracts rather than 
sepals that produce the show (the “flowers” are in fact 
compound inflorescences contained within the bright¬ 
ly colored bracts as a group of one female and several 
male tiny flowers). Or attractive sepals may act in con¬ 
cert with petals, whether being of the same color (e.g., 
the Salvia in plate 13G) or contrasting, as in some 
Abutilon (plate 14A) and some Clerodendrum, or en¬ 
larged, highly modified, and very differently colored 
(plate 13F). In yet other cases, the use of sepals as ad¬ 
vertising structures occurs in only some flowers of a 
complex inflorescence; the central flowers are of usual 
type, whereas outer ones have one or more enlarged 
colored sepals, increasing the showiness of the whole 
floral display. Many Hydrangea species and hybrids 
are familiar temperate examples (plate 1 IE), as is co¬ 
riander (plate 1 ID). 

A further specialization occurs with the production 
of a protective fluid by internal sepal surfaces, produc¬ 
ing a water calyx, or water jacket (also achievable by 
a cup-like calyx or leaf morphology that traps rainwa¬ 
ter, as in many bromeliads). This moat of water around 
the flower base (plate 34D) may help to exclude ants 
and other small visitors with little role in pollination 
(e.g., Carlson and Harms 2007; and chapter 24) and 
may also have a cooling function. Such watery calyces 
are well known in various tropical plants, including 
many Bignoniaceae (they were first described in 
Spathodea from this family). Other genera produce 


viscous or mucilaginous material; for example, indi¬ 
vidual Commelina (Commelinaceae) flowers (plate 
12A) emerge through a copious layer of thick muci¬ 
lage held in the calyx, although the function of this 
substance is rather uncertain. 

Finally, there are cases of rewards deriving from 
sepals; by far the commonest examples are extrafloral 
nectaries, where glandular areas of the sepals produce 
nectar that is predominantly collected by ants, in rela¬ 
tion to their plant-guarding activities (chapter 25). 
Other examples are rare, although food bodies arising 
from sepals and fed on by beetles are not uncommon 
in the Winteraceae and in some Annonaceae. 


Corolla and Petals 

The inner series of the perianth structures is the co¬ 
rolla, which is made up of petals and takes on the fa¬ 
miliar main display/advertisement function in most 
angiosperms. The petals tend to be arranged alternate¬ 
ly with the sepals (fig. 2.IB and examples in fig. 2.15). 
As with sepals, the petals may be fused for all or part 
of their length (gamopetaly) to produce a tubular co¬ 
rolla. The color(s), size, shape, position, or orientation 
of petals may all contribute to the attractiveness of the 
display. 

The petals are usually colored differently from the 
foliage and are often more delicate in texture, with a 
thin epidermis and a mesodermal layer that has plenti¬ 
ful air spaces. However, thickened or fleshy petals are 
not uncommon, and thick, white or cream-colored co¬ 
rollas are often found in heavily scented dusk- or 
night-flowering species that are visited by bats or 
moths using fragrance as an important cue. Petals may 
release scent through their surfaces or bear specific 
scent-producing trichomes, or papillae (chapter 6). In 
some cases, particularly among the Magnoliaceae and 
Liliaceae, they bear nectar-producing tissues, and oc¬ 
casionally they provide a surface for secondary pollen 
presentation (chapter 7). 

Petals may also present complex microtextured sur¬ 
faces, which provide easier landing platforms for 
visitors and may also play a role in close-up flower 
recognition (Kevan and Lane 1985). Textures involve 
ridges, overlapping plates, or patterns of pimples, often 
differing between the upper and lower petal surfaces, 
or between the upper petals and the lower landing- 
platform petals in bilateral flowers. For example. 
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through direct tactile perception, bumblebees could 
discriminate among flowers of Antirrhinum mutants 
that lacked special conical epidermal cells on petal 
surfaces (Whitney, Chittka, et al. 2009). 

Occasionally the petal tissues, or parts of them, 
combine with parts of the next inner ring of tissues 
(the stamens) to form a corona. This appears as an “in¬ 
ner corolla” in flowers such as daffodils, where it 
forms the protruding trumpet (plate 6E), and in pas¬ 
sionflowers (plates 5A,B and 26G), where the corona 
is filamentous and becomes an elaborate inner circle of 
contrasting display. 

Both series of perianth structures are usually wilted 
or shed after anthesis, and in some plants, pollination 
per se, or the fertilization of the ovules that follows 
pollination, may act as a trigger for the wilting or se¬ 
nescence of the corolla. However, sepals are some¬ 
times retained to assist in fruit development (for ex¬ 
ample becoming the wings of the nuts in the large 
Southeast Asian dipterocarps) or to provide a con¬ 
trasting background for fruit advertisement. Petals 
may wilt on the calyx or may be shed by a specific 
abscission mechanism involving ethylene (a common 
within-plant signaling system). But even petals are oc¬ 
casionally retained and thickened to form part of the 
fruiting structure. 

3. The Androecium: Male Structures 

The male functional organs of a flower, collectively 
termed the androecium, are a series of stamens. Each 
is formed from a thin filament, which may be erect, 
curved or pendant and which supports the terminal an¬ 
ther. The most common type of stamen has an anther 
with four pollen sacs (or locules), arranged in two 
pairs, each pair termed a theca. The thecae open at 
maturity in the process termed dehiscence, so expos¬ 
ing the pollen (dehiscence and its control will be cov¬ 
ered in chapter 7). 

Relative to other flower parts, stamens are rather 
constant in size and shape and design (see the review 
by Bernhardt 1996). In the phylogenetically basal fam¬ 
ily Magnoliaceae, the distinction between the anther 
and the filament is poor, but in nearly all other flowers, 
a two-lobed anther sits on the end of a much thinner 
and elongate filament. Stamens are rarely more than 
20 mm long, although in some plants the filaments are 
fused basally and can then be strong enough to support 


lengths of up to 50 mm. This length is often achieved 
quite late in the floral development process, and elon¬ 
gation can be very fast; in some grasses the filament 
can grow several millimeters in just a few minutes as 
dehiscence approaches. On average, filaments are 
somewhat longer in grasses and other anemophilous 
(wind-pollinated) flowers than in zoophilous (animal- 
pollinated) species. However in many of the zoo¬ 
philous flowers with fused petals, the filaments are 
inserted onto the inside of the resulting corolla tube 
(adnate filaments; e.g., fig. 2.2F-H) rather than arising 
basally, so they are technically short but still function 
as if they were elongate. Rarely, the filament is elabo¬ 
rated with fine hairs (easily seen in many Verbascum 
species) or with nodular thickenings (e.g., in Spar- 
mannia), which may enhance their visual signaling ef¬ 
fect (fig. 2.2K). 

The filament is usually attached to the base of the 
anther, but sometimes anthers are suspended close to 
their midpoint by a thin and flexible junction; this is 
seen in many Liliaceae (fig. 2.2J; plate 12C), where 
the anthers hang down and move freely in seesaw 
fashion about this joint. 

Within the anthers, the main design variation is in 
the location and form of the furrows that split apart at 
dehiscence (fig. 2.3). Most commonly the furrows (or 
thecal slits) open toward the center of the flower (in- 
trorse anthers), so that pollen is presented inward in 
the direction of the female organs; in flowers visited 
by larger animals, such as bats or birds, the introrse 
anthers may open broadly to produce a flat pollen¬ 
dispensing surface that can press against fur or feath¬ 
ers, as seen in many passionflowers (plate 5A,B). Ex¬ 
ternally or laterally opening anthers (extrorse or 
latrorse, respectively) are also found, but less com¬ 
monly; they tend to be smaller and are borne on shorter 
filaments. Occasionally, there is only one furrow and 
the locules are united internally to open as a single 
chamber; Pavonia is a good example. At the opposite 
extreme, the locules may subdivide internally (either 
transversely or longitudinally) to give a polysporan- 
giate anther. Sometimes dehiscence slits may lose the 
standard elongate pattern and become curved or al¬ 
most circular on the tip of a bulbous anther head, giv¬ 
ing a valvate stamen (fig. 2.2E). 

In some plant groups, especially zoophilous taxa, 
stamens are modified by becoming united into a more 
complex structure (fig. 2.4), a phenomenon known as 
synandry. This is quite common in the large orders 
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Figure 2.2 Stamens with different filament and anther arrangements: (A-C) simple patterns with dehiscent slits on 
anthers; (D) elongate with elaborate dehiscence furrow; (E) anther rounded and valvate; (F-H) adnate filaments aris¬ 
ing from petals, internal or protruding, in various Boraginaceae and Caprifoliaceae; (I) dimorphic stamens set at two 
heights in Oxalis; (J) seesaw anther head on filament, in Lilium; (K) filament with nodes in Sparmannia; (L) anther 
with terminal pore in caesalpinoid Fabaceae. Not to scale. 


Malvales and Fabales, and it may involve just the fila¬ 
ments or the more distal anthers as well, resulting in a 
tubular androecium (or even a solid cylindrical struc¬ 
ture if there are no female organs in that flower). This 
greater rigidity in the central floral organs may provide 
a stronger area to grip or to maneuver around for in¬ 
sect flower visitors. A further possibility is for the an¬ 
thers to unite at the tips but without the filaments doing 
so; this is often seen in composite flowers (see Com¬ 
posite Flowers below). It also occurs in many buzz- 
pollinated plants (chapters 7 and 18), such as Solarium 


or Cassia, giving a single pollen-dispensing structure 
that a visiting bee can grasp and vibrate its body 
against, and in these kinds of plants, it is commonly 
associated with loss of the anther’s dehiscence fur¬ 
rows and their replacement with one or more terminal 
or lateral pores through which pollen emerges (pori- 
cidal anthers). Single-pored anthers are also found in 
other situations: in some bellows flowers, such as Cy- 
phomandra, that are squeezed by a bee to release the 
pollen, and in some of the carrion flowers that attract 
flies, where the anther is polysporangiate internally 
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Figure 2.3 Anther heads: (A) transverse section showing internal 
structure; (B) transverse section of typical tetrasporangiate anther 
with two locules, closed and then open at dehiscence; (C) longitudi¬ 
nal dehiscence (left) and valvate dehiscence (right) seen in frontal 
view, x-x marking the dehiscence furrows. (Redrawn from Endress 
1994.) 


but where aggregated pollen emerges from the single 
pore in a slimy thread or droplet. One other specializa¬ 
tion to be noted is the phenomenon of sensitivity in 
stamens: in a number of plant families the filament is 
somewhat contractile and may shorten or curve in one 
direction when stimulated by a visitor (chapter 7 and 
Compsite Flowers below). 

As well as dispensing pollen, whether partly as a 
reward or solely for reproductive purposes, stamens 
may serve some other important roles. They are often 
used in advertisement and attraction, via visual or ol¬ 


factory signalling. Where they are long and protrud¬ 
ing, they markedly increase the apparent size of the 
flower or inflorescence and may result in a brush blos¬ 
som (see Brush Blossoms below). Where the rest of 
the perianth is very small, the anthers then become the 
main visual signal. While anthers are commonly brown 
or dull in color when closed and take on the color of 
the pollen when dehiscing (usually yellow; but see 
chapter 7), the filaments are often white or almost col¬ 
orless and so may provide a visual contrast to enhance 
visibility of the pollen. In a few cases the filaments 
change color very strikingly as a flower ages (or per¬ 
haps as it is pollinated); one case is Koehneria from 
Madagascar (plate 16E). Scented stamens are known 
in some Chloranthaceae and Solanaceae (including 
Solarium ), again enhancing the flower’s attraction. Ad¬ 
ditional functions include guidance for the tongues of 
pollinating visitors, especially where the corolla is tu¬ 
bular but quite wide, and exclusion of the tongues of 
inappropriate/illegitimate visitors, by such features as 
hairiness (sometimes as a band of hairs on the filament 
at a particular depth) or by partial fusion, where the 
stamens insert onto the sides of the corolla, as in many 
composite flowers (see Composite Flowers). 

The most obvious variation in androecium struc¬ 
tures comes with heteranthy (also termed heteranth- 
ery), the phenomenon of having two kinds of anther 
(fig. 2.5). In its less dramatic forms, heteranthy in¬ 
volves two whorls of stamens within a flower that are 
slightly different in developmental rate and so appear 
morphologically distinct almost until they dehisce; in 
these cases there may be little or no functional differ¬ 
ence between the two sets, although where the two 
groups are set at different heights, they may exploit 
two different kinds of flower visitor. The more extreme 
versions, seen in fig. 2.5 and in examples on plate 12, 
occur where one set of anthers is relatively cryptic and 
bears the reproductively important pollen, while the 
other is showier and contains fodder pollen (chapter 7). 
Several genera in the Lecythidaceae have hundreds of 
stamens per flower: in the cannonball tree Couroupita, 
there are prominent central feeding stamens, plus a 
semicircle of stout pollinating stamens set on an an- 
droecial hood around the lower half of the flower, de¬ 
positing pollen on the feeder’s undersurface. Even 
more extreme are some of the blue-flowered Commeli- 
na species (plate 12A), with three kinds of stamen and 
anther: two cryptically blue and lateral, one central 
and either blue or yellow, and three shorter and bright 
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Figure 2.4 Examples of synandry (full or partial fusion of anthers centrally) in various angiosperms: (A) Solatium; 

(B) Dodecatheon (shooting star); (C) Sprengelia, transverse section showing basal separation and terminal fusion of 
anthers. (Parts (A) and (B) redrawn from Buchmann 1983; part (C) drawn from flowers.) 


yellow (usually termed staminodes; see below). All 
produce viable pollen, but that from the staminodes is 
much less viable; the lateral stamens achieve most of 
the cross-pollination, the central one provides rewards 
to pollinators (and some delayed selling possibilities), 
and the yellow staminodes serve as bright attractive 
signals mimicking copious pollen on offer (Hrycan 
and Davis 2005). Other species of Commelina have 
rewarding yellow anthers, unrewarding yellow an¬ 
thers, and brown reproductive anthers, and removal of 
either of the first two types reduces pollen export from 
the third (Ushimaru et al. 2007). 

The design and size of stamens may usually be 
relatively constant, but variability in stamen number is 
extreme. Flowers may contain just one stamen, as in 
most asclepiads and most orchids, or may have several 
hundred, as in some Cistaceae and Myrtaceae. Occa¬ 
sionally there are in excess of two thousand stamens in 
a flower. Indeed, almost this full range can occur with¬ 
in just one order of plants: Ascarina has one stamen 
and Tambourissa has about two thousand, both being 
in the Magnoliidae. 

Staminodes are structures formed from the same 
series of embryonic tissues as the functional stamens 


but are sterile and have no reproductive function. They 
may augment the visual display ( Theobroma or Jaca- 
randa, fig. 2.5) or have scent-emitting tissue (osmo- 
phores) or secrete some nectar, and in some cases they 
can move during the life of the flower, bending over to 
protect the female structures. 

4. The Gynoecium: Female Structures 

The female organ system, technically the gynoecium, 
is the most central part of the angiosperm flower, and 
while superficially rather simple, it is internally very 
complicated, having interconnecting chambers and ca¬ 
nals. The gynoecium is made up of one or several pis¬ 
tils, each of which contains one or more carpels. Most 
flowers have several carpels, two to five being the most 
common, though these may be laterally fused together 
more or less completely (syncarpy) and thus contrib¬ 
ute to only one pistil (the advantage of this being that 
received pollen can be distributed among all the car¬ 
pels after successful pollination). Rarely the number 
of carpels is huge, up to about two thousand in Tam¬ 
bourissa , which as noted above also has around two 
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stamens 

Cassia 


two enlarged 
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Figure 2.5 Heteranthy in various flowers, where stamens come in two different forms: different lengths, as in Mouriri, 
or modified for feeding and reproductive purposes, as in Couroupita, Commelina, and Cassia; or with one or more 
modified as staminodes in Theobroma and Jacaranda. (Couroupita and Commelina modified from Endress 1994; 
Mouriri and Cassia modified from Buchmann 1983; Jacaranda and Theobroma drawn from photographs and 
flowers.) 
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C 



D 



A) Unicarpellate (i.e., gynoecium with a 
single carpel containing two or more ovules); 

(B) syncarpous, here with two carpels; (C) pat¬ 
terns of curvature as the ovule develops: (from 
left to right) orthotropous, anatropous, and 
campylotropous; (D) ovule curvature relative to 
carpel curvature, (left) syntropous and (right) an- 
titropous. (Redrawn from Endress 1994.) 


thousand stamens. Only in the legumes is a unicarpel¬ 
late state commonly found (though legumes are so 
numerous that this may amount to around 10% of all 
angiosperms). 

Pistils and carpels can be rather complicated, and 
their terminology is confusing for nonbotanists. For 
pollination biologists, the term “pistil” is the most use¬ 
ful to remember, because unisexual flowers (or phases 
of flowers) are often referred to as pistillate and sta- 
minate to indicate female and male, respectively. In 
practice, for most pollination studies it is only neces¬ 
sary to consider two key zones of each pistil or carpel: 
the apical surface, which forms the stigma on the tip of 
the more or less elongate style, and the underlying 
ovary, comprising one or several ovules (fig. 2.6). 
Each ovule consists of an undifferentiated multicellu¬ 
lar mass termed the nucellus, which is surrounded by 
an integument that leaves open only a narrow apical 
channel, the micropyle. The basal end of the ovule is 
attached to the rest of the carpel via a short stalk. As 
the flower matures, one cell within the nucellus under¬ 
goes meiosis to give four haploid cells, and one of 
these enlarges as the embryo sac. The normal further 


divisions of the embryo sac are shown in figure 2.7; 
the end result is eight nuclei, one of which at the mi- 
cropylar end of the ovule becomes the egg itself, which 
after fertilization from a pollen grain will become the 
plant’s seed (chapter 3). 

The number of ovules in a flower is highly variable: 
many plants have only one ovule per carpel, a state 
seen in grasses and most of the Ranunculaceae (in 
which case, the term “ovary” is redundant); but at the 
other extreme, orchids may have thousands of ovules 
per carpel. 

The style is a rather diverse organ both in size and 
in shape, with a more or less distinct stigmatic surface 
at its tip (fig. 2.8). Larger styles are common in wind- 
pollinated flowers and in those with many ovules. 
Whatever the size, styles are sometimes of a compact 
and cone-like shape, but more commonly they are elon¬ 
gate with stigma and style distinct from each other. 
The style often forms a fairly rigid central column in 
the flower in insect-pollinated species, its main func¬ 
tion being to get the stigmatic surface into the “right” 
position, but it may also be providing grip for some 
visitors and perhaps preventing too much damage 
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Figure 2.7 Five stages in the divisions of the embryo sac during typical fertilization in an angiosperm. 
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More complex or elaborate styles 

Figure 2.8 Varieties of styles and stigmas in angiosperms, ranging from typical short columnar structures to elon¬ 
gate and highly divided forms and including the crested styles of Crocus and the enlarged petaloid styles seen in 
Iris. Not to scale. ( Malva, Crocus, Vinca, Vulpia, Iris redrawn from Barth 1985; others redrawn from photographs and 
flowers.) 


during nectar-seeking behaviors. Quite commonly the 
style elongates throughout the life of the flower, so that 
it starts shorter than the anthers and later grows to 
match or exceed them in length, thus facilitating for¬ 
eign pollen pickup (chapter 3). Occasionally the style 
recurves as it grows, and this can be influenced by pol¬ 
len deposition to promote outcrossing while allowing 
selling as a backup or safety net (e.g., Yu and Huang 


2006). In some flowers the style is strongly asymmet¬ 
rical, bent to one side of the flower (plate 12F-H), 
while in irises the style can become petaloid, and its 
partly tubular form helps to restrict and control polli¬ 
nator access (plates 9C and 15C). 

Many stigmas have a somewhat lobed tip, with 
three or five stigmatic lobes (plate 12G) being the 
most widespread patterns, reflecting the presence of 
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three or five carpels in the major plant families. Bi- 
lobed, forked styles are also common (plate 12F). The 
surfaces of the lobes are often strongly textured, with 
many papillae or with a feathery (plumose) appear¬ 
ance: in some Crocus species the stigma has showy 
lobes and crests (plate 3G). This surface may also be 
described as wet (sticky) or dry. The wet/dry categori¬ 
zation is probably not very helpful in relation to polli¬ 
nation; most stigmas have some form of stigmatic 
exudate, usually lipid rich and markedly hydropho¬ 
bic, so that an appearance of stickiness merely indi¬ 
cates how abundant this exudate is at a particular time. 
However this wet/dry distinction is often important in 
relation to the mechanisms of self-incompatibility in 
the plant (covered in chapter 3): wet stigmas are rela¬ 
tively free of protein material and are not selective for 
pollen adhesion, whereas dry stigmas have thin pro¬ 
teinaceous exudates and only the conspecific pollen is 
retained. 

Several other stigmatic phenomena are important 
for pollination, and most of these relate to temporal 
patterning. The timing of the secretion of the stigmatic 
exudate may be important and is often carefully con¬ 
trolled, occurring in one or more waves; it may itself 
be triggered by pollination. Likewise, the timing of the 
opening (or closing, or both) of the stigmatic lobes is 
crucial in many flowers in relation to determining 
when pollen can be received; in some flowers, the stig¬ 
ma exhibits sensitivity and can close when touched. In 
bladderwort ( Utricularia ), the two stigmatic lobes rap¬ 
idly fold together after being touched by a bee entering 
the flower. In monkey flowers ( Mimulus ), physical 
contact produces a faster closure than pollen arrival, 
and touched stigmas with no pollen will normally re¬ 
open within 2-5 hours (Fetscher and Kohn 1999), 
whereas pollen receipt produces delayed reopening or 
permanent closure (fig. 2.9). 

The surface of the stigmatic lobes is primarily re¬ 
sponsible for determining whether a pollen grain that 
has landed there will germinate or not. This surface 
has a limited period of receptivity to pollen, which 
may vary from just a few minutes in some grasses to 
around 4 to 5 days in tomato ( Lycopersicon , now in¬ 
cluded in Solarium) and up to 3 weeks in some orchids. 
The surface is structurally and chemically complex, 
with receptor sites concerned with several phases of 
pollination and beyond: 

1. Pollen hydration (which may take only a matter of 
minutes), then 


2. Pollen recognition, then 

3. Pollen adhesion and lectin binding, and finally 

4. Pollen germination, for which there are also zones 
with enzyme-secreting activity, often particularly 
associated with high levels of peroxidase during 
peak receptivity. 

Pollen grains commonly imbibe water from the stigma 
and germinate within a few hours of their initial depo¬ 
sition. Germination does not happen in water alone, 
but for some species it can be induced in simple sugar 
solutions, suggesting a fairly uncomplicated osmotic 
effect. The pollen tube emerges into a mucilaginous 
secretion, which may provide some of the nutrients re¬ 
quired for later stages of pollen tube elongation. 

Within the style is a pollen tube transmitting tract 
leading down to the ovules. This tract may be epider¬ 
mal or may involve deeper tissues, depending on the 
taxon; in groups with very numerous ovules (especial¬ 
ly the Orchidaceae, but also including some Ericaceae 
and Rafflesiaceae), the tract is particularly well devel¬ 
oped and secretes substantial mucilage internally. Pol¬ 
len tubes can cross between carpels readily in this 
tract, so that their final destination in terms of meeting 
an ovule is not predetermined by where they landed 
on the stigma. However, as the tract approaches the 
ovules, it splits into separate parts, one for each carpel 
or ovule. Growth in the tracts is normally unidirec¬ 
tional, from stigma to ovule, but if pollen is introduced 
experimentally at a midpoint, it can often grow equally 
well in either direction. The act of pollination may 
cause the ovary to release a growth stimulus for pollen 
tube elongation, providing a pulsed gradient of chemi¬ 
cal signals that the pollen tube follows down to the 
ovules; ions and protons are implicated, and calcium/ 
calmodulin signaling is also involved (Holdaway- 
Clarke and Hepler 2003; Shi et al. 2009). It also seems 
likely that the style tissues help to transport the pollen 
tube, since tiny latex beads introduced into the style 
can be seen to move toward the ovules at a speed simi¬ 
lar to that of tube elongation (Sanders and Lord 
1992). 

Only rarely is this pollen tube tract absent in angio- 
sperms. However, in a few self-fertilizing cleistoga- 
mous flowers (chapter 3) pollen can germinate within 
the anthers where it was produced and grow down the 
filament or through the anther wall to the stigma. 

The ovary of the flower is the most crucial organ in 
reproductive terms, and its relationship to the recepta¬ 
cle on which the whole flower sits is important. In 
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Figure 2.9 Stigma behavior in Mimulus auron- 
tiacus, with initial closure in response to touch 
or visitation, followed by (A) quick reopening 
if there has been no pollen receipt, or (B) 
somewhat delayed reopening with some pol¬ 
len receipt, or (C) a slow reopening with more 
pollen but few fertilized ovules, or (D) perma¬ 
nent closure if fertilization levels are high. 
(Modified from Fetscher and Kohn 1999.) 


many flowers the receptacle forms a simple (often 
nectar-secreting) dish on which all the true floral parts 
sit, with the carpels at the center; but in other cases the 
receptacle has become deeper and sturdier, with the 
carpels more or less embedded within it, and the other 
floral structures then appear to be borne above the 
ovary. Ovaries in the latter case are termed inferior 
(seemingly lying below the point of origin of the se¬ 
pals, petals and stamens) as opposed to superior ova¬ 
ries, where the outer floral structures clearly arise be¬ 
low the base of the ovary (fig. 2.10). There are many 
possible intermediate states, but in some of the major 
families this character is fairly fixed and is a useful aid 
to identification (table 2.2). Inferior ovaries are rare in 
more phylogenetically basal plant families and are 
generally assumed to be an evolutionarily more ad¬ 
vanced state resulting from selection for increasing 
protection by the receptacle. However, changes and 
reversions in this ovarian position character are fairly 
common; for example, ecological considerations may 
intervene, and bird-pollinated plants even from more 
basal taxa are often found to have inferior ovaries. 


where the receptacle can give some much-needed pro¬ 
tection against damage from a bird’s bill. 

Arrival of a pollen tube within the ovary and close 
to an ovule may occur some hours after pollination, 
this interval depending in part on the length of the 
style. Pollen tube arrival initiates the series of events 
that lead to fertilization and the successful reproduc¬ 
tion of the plant, which will be discussed in chapter 3. 

5. Flower and Inflorescence Features 

Single Flowers and Inflorescences: Functional 
Units and Blossoms 

Basic floral anatomy not only can yield the full range 
of familiar single flowers but also allows flowers to be 
arranged en masse to form a composite inflorescence 
with very different appearance and handling needs 
(plates 1 and 11). The latter may be a loose open struc¬ 
ture, with individual flowers set well apart, or it may 
form a compact mass, with flowers almost or actually 
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Figure 2.10 Superior (1) and inferior (2) ovaries, resulting from different rates of expansion of the enclosing and ad¬ 
jacent tissues. Meristem tissue is stippled in A and B. The thick line represents corresponding tissues in (B), (C), and 
(D) to clarify relative expansions. (Redrawn from Endress 1994.) 


touching. An inflorescence may be perceived as a sin¬ 
gle display unit—effectively as one large flower—by 
most visitors and is commonly referred to as “a flow¬ 
er”; a single daisy or thistle or scabious is almost self- 
evidently “one flower” in all practical senses. A useful 
convention is the use of the term blossom for a func¬ 
tional unit. Thus a single buttercup or foxglove or or¬ 
chid is a blossom, a daisy or a willow catkin is a blos¬ 
som, and at the opposite extreme, just one of the three 
parts of a single iris flower may serve functionally as a 
blossom (see below). 

The various tight packing arrangements seen in the 
inflorescences (sometimes called “flower heads”) of 
umbellifers and composites may have the benefit of 
producing a large landing platform for the many kinds 
of visitor that cannot hover while feeding, while si¬ 
multaneously keeping individual flowers very small, 
matching the size of the visitor’s mouthparts (rather 
than accommodating the visitor’s whole head or body, 
as is usually appropriate for a single flower). It is also 


likely that dense packing of a flower head can be a use¬ 
ful strategy for avoiding, or at least reducing, illegiti¬ 
mate visits to flowers, preventing access by those visi¬ 
tors who might otherwise bite into the bases of the 
corolla tubes and steal the nectar (chapter 23). 

The form and structure of inflorescences are sum¬ 
marized in figure 2.11 and table 2.3. Although the ter¬ 
minologies given there seem fairly clear-cut, in prac¬ 
tice many inflorescences defy easy classification and 
have mixed characters (e.g., many labiates are race¬ 
mose, but the branches within the raceme are dicha- 
sial cymes). For practical purposes, it is usually easier 
just to refer to an inflorescence; botanical taxonomists 
need the more complicated approach, but pollination 
biologists usually do not. 

The differing structures of inflorescences can nev¬ 
ertheless have marked effects on visitor behaviors. 
Jordan and Harder (2006) compared bumblebee visits 
to racemes, panicles, and umbels each with 12 flowers 
and found that the bees visited slightly more flowers 
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Table 2.2 

The Position of Ovaries within the Flowers of Some Major Plant Families 



Always superior 

Always inferior 

Variable 

Monocots 

Alliaceae 

Orchidaceae 

Agavaceae 


Commelinaceae 

Iridaceae 

Araceae 



Musaceae 

Zingiberaceae 

Bromeliaceae 

Dicots 

Acanthaceae 

Apiaceae 

Ericaceae 


Apocynaceae 

Araliaceae 

Lythraceae 


Boraginaceae 

Asteraceae 

Nymphaeaceae 


Caryophyllaceae 

Caprifoliaceae 

Rosaceae 


Cistaceae 

Cornaceae 

Saxifragaceae 


Convolvulaceae 

Hydrangeaceae 



Fabaceae 

Myrtaceae 



Centianaceae 

Onagraceae 



Ceraniaceae 

Rubiaceae 



Magnoliaceae 

Malvaceae 

Begoniaceae * 



Papaveraceae 

Polemoniaceae 

Cactaceae * 



Scrophulariaceae 

Solanaceae 

Verbenaceae 

Violaceae 




Primulaceae * 




* usually rather than always. 


on the umbels but had far more consistent foraging 
paths on the raceme, which (combined with different 
temporal regimes of pollen presentation, discussed in 
chapter 3) should lead to less selfing on the racemes 
than on umbels. 

Likewise, the position of flowers on inflorescences 
can markedly affect their characteristics, as shown in 
table 2.4 for a typical umbel (the carrot, Daucus; 
Perez-Banon et al. 2007). Here the lower orders of 
umbel have fewer flowers each and a higher propor¬ 
tion of male-only flowers, so that the overall sex of the 
plant changes as it ages; so too does the sex ratio on 
an individual umbel (fig. 2.12B), and thus the plant 
as a whole has male phases alternating with female/ 
hermaphrodite phases (fig. 2.12C). 

There is often a sequential decline in resource al¬ 
location among flowers on an inflorescence as well. 


Vallius (2000) explored this effect in the orchid Dac- 
tylorhiza and found upper flowers to be smaller, to 
have lighter pollinia, and to produce smaller seed cap¬ 
sules; but these effects could be ameliorated if lower 
flowers were removed artificially, which suggests 
some influence from resource allocation. Kliber and 
Eckert (2004) tested the underlying causes of this in 
Aquilegia canadensis and found that detailed aspects 
of floral morphology (nectar-spur length, sepal size) 
showed very little sequential change. However, ovule 
and pollen production declined by 9% and 18%, re¬ 
spectively, with flower sequence up the spike, an 
effect that could be modified in either direction by re¬ 
source availability. In this plant the main adaptive 
reason for sequential decline in allocation was proba¬ 
bly herbivory, which was greater on the higher and 
later flowers. 
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Figure 2.11 The terminology for different types of inflorescence. (X 
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Table 2.3 

The Structures and Terminology of Inflorescences 


Structure 


Term 

Oldest flowers at base 


Racemose inflorescence 

Flowers stalkless 


Spike 

Flowers stalked 


Raceme 

Stalks all or mostly branched 


Panicle 

Varied stalk length to give flat top 


Corymb 

Oldest flowers at apex 


Cymose inflorescence 

Two branches paired below apex 


Dichasial cyme 

Single branch, to one side 


Scorpioid cyme 

All flowers radiating from common point 


Umbel 

All flowers stalkless on top of stem 


Head or capitulum 


Table 2.4 


Variation in Characteristics on the Umbels of Daucus carota 


Total flowers 

Hermaphrodite flowers* 

Umbel position No. of umbels 

per umbel 

(%) 

Central 1 

4,829 

61.0 

Primary 17.6 

4,895 

33.6 

Secondary 84.4 

3,006 

16.1 

Tertiary 55.7 

1,223 

15.6 


Source: Modified from Perez-Banon et al. 2007. 
'Hermaphrodites are peripheral and males central. 


Symmetry 

As shown in figure 2.13, there are essentially two main 
types of symmetry in flowers: radial symmetry (also 
termed actinomorphic, or regular) and bilateral sym¬ 
metry (or zygomorphic, or dorsiventral, or lateral; 
also sometimes termed irregular) (Endress 1999). 
Neal et al. (1998) gave a detailed review of the termi¬ 
nology and confusion that can arise, as summarized in 
table 2.5. Radial symmetry is clearly the ancestral or 
primitive state, being present in the more ancient plant 
families, and it remains very common; but bilaterality 
has evolved and been lost repeatedly (Ree and Dono- 
ghue 1999). This has happened at least partly because 
the switch from radial to bilateral symmetry can occur 
very easily, often involving just one or two genes (cy¬ 
cloidea, dicliotoma) (Coen and Nugent 1994; Cubas et 


al. 1999; Glover 2007), and is organized via a floral 
symmetry gene network that may be linked to plant 
breeding systems (Kalisz et al. 2006). In modern 
plants, radial symmetry occurs in around 80% of all 
families, and bilateral symmetry in 33% of dicot fami¬ 
lies and 45% of monocot families (Neal et al. 1998); 
the evolution to bilaterality probably occurred repeat¬ 
edly by parallel recruitments of cycloidea homologs 
(Preston and Hilernan 2009). 

Radial flower shape offers similarity of approach 
and landing from any direction, simplifying the pat¬ 
tern recognition task for the visitor. It is generally also 
associated with a radial offering of rewards: either a 
complete ring of nectary tissue around the base of the 
ovary or a series of separate nectaries related to the 
number of petals present, plus a mass of central an¬ 
thers. A radial flower can therefore be accessed and 
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Figure 2.12 The sexuality of individual flowers 
in relation to flower position within an umbel: 
(A) the orders of flowers—C, central; L,, pri¬ 
mary lateral; l_ 2 , secondary lateral; L 3/ tertiary 
lateral; (B) peripheral flowers are hermaphro¬ 
dite and open first, with central male flowers 
opening later, and each successive order of 
lateral umbels produces the same sequence, 
leading to an increasing proportion of purely 
male staminate flowers in an older umbel; (C) 
the plant as a whole has alternating phases of 
being mainly male and mainly female, due to 
an interaction of phenology within an umbel, 
floral lifespan, and the timing of stigma recep¬ 
tivity. (Modified from data using carrot ( Dau- 
cus carota ) in Perez-Banon et al. 2007.) 
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Table 2.5 

Interpretations of Floral Symmetry 


Planes of symmetry 

Symmetry type 

Synonyms 

Generic examples 

Many 

Radial 

Actinomorphic, regular, 
multisymmetrical 

Primula, Narcissus 

Two 

Disymmetrical 

Biradial, bisymmetrical 

Dicentra 

One 

Bilateral 

Zygomorphic, irregular, 
bilabiate 


None 

Right-left symmetry 
Upper-lower symmetry 

Asymmetrical 

Bilabiate, medial zygomorphic 
(No term in use) 

Salvia, Corydalis 


Floral organs in spirals 

Radial, actinomorphic, regular 

Nymphaea, Magnolia 


Left or right handed 

Enantiomorphic, enantiostylic 

Cassia, Solanum 


Source: Modified from Neal et al. 1998. 


fed upon by a whole range of visitors, and it has often 
been noted that beetles, flies, and lepidopterans par¬ 
ticularly favor radial flowers. Some of these land and 
forage in a relatively disorganized or haphazard fash¬ 
ion, but others, also including bees, show a more con¬ 


trolled foraging, often working methodically around 
the ring nectary or the series of nectaries, sometimes 
with an appearance of counting a full circuit of petals 
or nectaries and leaving the flower after one full circuit 
(fig. 2.14). 
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In contrast, bilateral shape allows the manipulation 
of visitor approach so that the incomer is forced to en¬ 
ter the corolla in a specific manner, which can in turn 
ensure appropriate passage past the anthers. Bilateral 
flowers are nearly always oriented to open in a hori¬ 
zontal plane, and artificially changing their orientation 
leads to reduced visits or a higher proportion of ille¬ 
gitimate visits or both, as Ushimaru et al. (2009) dem¬ 
onstrated with syrphid flies and Commelina flowers, 
attributing the effects to both poorer recognition and 
poorer landing behavior. (However, it might be noted 
that something rather similar can happen in radial 
flowers: hummingbirds consistently approached from 
a face-on direction for naturally horizontal Silene 
flowers, but when the birds visited artificially fixed 
vertical flowers, they arrived from the side and from 
any compass direction, so contacting the sex organs in 
random fashion [Fenster et al. 2009]). 

Bilaterality is often combined with concealment of 
the nectar, again ensuring that the visitor has to ap¬ 
proach appropriately and insert its head or tongue 
“correctly.” There are some indications that in bilateral 
flowers a more perfectly symmetrical bilaterality is 
also favored by visitors, perhaps because such sym¬ 
metry indicates superior quality and strong develop¬ 
mental stability (Muller 2000). For example, bumble¬ 
bees preferred symmetrical Epilobium flowers over 
somewhat lopsided asymmetric forms (Muller 1995a). 
But Midgley and Johnson (1998) give examples of 
visitors showing no such preferences, and it is always 



No. of nectaries sampled 


difficult to disentangle innate preference from previ¬ 
ous visual experience here; West and Laverty (1998) 
certainly found no preference expressed in naive 
bumblebees. 

There are some indications that bilaterality can ac¬ 
celerate diversification and speciation in angiosperms 
(Sargent 2004), although this finding was only partly 
supported in a later analysis (K. Kay et al. 2006). 

Inflorescences often serve to turn bilateral individ¬ 
ual florets, which can gain the benefits of zygomorphic 
anatomy and visitor directionality, into an appearance 
of radiality at least from a distance; this may give the 
plant some of the benefits of both floral types. Exam¬ 
ples can be seen in several of the categories dealt with 
in section 2, Particular Floral Shapes, below. 

Nectar Spurs 

A wide range of flowers from most of the architectural 
categories discussed in the next section have tubular 
extensions termed nectar spurs (plate 19 shows ex¬ 
amples). Spurs may be formed from various different 
tissues, but most commonly they originate from pet¬ 
als; they may project from the back of the flower or 
may be tucked within it. They provide a very conve¬ 
nient way of offering a larger nectar reward without at 
the same time filling up the corolla (which would 
make this nectar available to inappropriately small or 
short-tongued visitors). Spurs have clearly evolved 
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repeatedly across most plant families (Hodges 1997), 
and they can be up to 400 mm long in a Madagascan 
orchid (Nilsson 1988). There is good evidence that 
their appearance in a particular taxon can give a major 
boost to floral radiation and speciation (Hodges 1997; 
K. Kay et al. 2006; and chapter 11). There may be a 
punctuated, fast change in spur length during specia¬ 
tion episodes, since in columbines ( Aquilegia ) the 
spurs seem to have evolved rapidly at times to fit the 
adaptive peaks predefined by pollinators (Whittall and 
Hodges 2007). 

In Aquilegia each of the petals normally has a visi¬ 
ble backward-pointing spur (fig 8.2), producing a 
revolver flower effect (see below). In contrast, Del¬ 
phinium species (larkspurs), in the buttercup family, 
have petaloid sepals, just one of which is elongated at 
the underside of the flower into a long spur. Very long- 
spurred species occur in the orchids, for example in 
Platanthera, where pollinating moths only approach 
as close as they need for their tongue to reach to the 
end of spur; hence they effect much less pollination in 
shorter-spurred individuals, giving ongoing selection 
for increasing spur length. 

The presence of nectar spurs can lead to conver¬ 
gence within flowering communities. For example, the 
South African flora has species from at least 10 differ¬ 
ent plant families, including Ixia, Geissorhiza, and 
Pelargonium, all with spurs around 90-100 mm in 
length and all visited by long-tongued nemestrinid and 
tabanid flies (chapter 13). In Kenya a number of or¬ 
chids converge on a white-flowered long-spurred pat¬ 
tern (Martins and Johnson 2007), and the hawkmoth 
visitors have matching tongue lengths; in these cases 
the spurs contain a nectar concentration gradient that 
may have adaptive significance (chapter 8). 

Pendant Habit 

This is another common feature that may occur in any 
flower design, but it is particularly common in bowl- 
and bell-shaped flowers (plate 4). A pendant habit ex¬ 
cludes many visitor types because of the agility in 
flight and landing that is required to visit effectively 
(either an ability to feed while clinging upside down or 
an ability to feed while hovering). A simple hanging 
bell is a common structure, but more complex variants 
do occur. For example, in Turk’s cap lilies ( Lilium 
martagon ) each petal of the bell has a narrow flanged 


groove at its base leading to a nectary, so that visitors 
(mainly hawkmoths in this case) must hover and probe 
almost vertically upward with their tongues, repeating 
the feat at each petal in turn. 

Pendant flowers may also help to protect the inter¬ 
nal organs from rain and weather-related damage, and 
an interesting example here is Pulsatilla cernua, whose 
flower stalk bends from erect to pendulous and back 
again during anthesis (Huang et al. 2002). During the 
key period of pollen presentation, the pollen is pro¬ 
tected from rain in the pendant flower; thereafter, as 
the petals elongate, they develop unwettable hairs so 
that the flower, once erect again, still protects its re¬ 
maining pollen. 

Floral Shape Change 

Some flowers show diurnal changes in shape and ac¬ 
cessibility, for example, opening wide in the daylight 
and closing at night or during rain (e.g., Nemophila, 
Hepatica, Crocus) or more specifically, opening in re¬ 
sponse to sun and closing fully or partly when it be¬ 
comes cloudy (e.g., Adonis, some Mesembryanthe- 
mum, some Gentiana). Bergeranthus flowers in South 
Africa open daily at about 1530 and close after about 
3 hours, closely tied in to ambient temperatures above 
23°C (Peter et al. 2004), and they are almost exclu¬ 
sively visited by bees during their opening hours. Gen¬ 
tians are particularly interesting because they may 
show two kinds of flower closure, one in response to 
environmental conditions (e.g., cooling temperatures 
or approaching thunderstorms [Bynum and Smith 
2001]) and a second, more permanently in direct re¬ 
sponse to being pollinated (He et al. 2005). In the lat¬ 
ter case, the closed flowers are often retained on the 
plant for some time to add to the display effects. Fire- 
weed flowers ( Chamerion angustifolium\ syn Epilobi- 
um ) show a similar pollination-induced closure mech¬ 
anism within 4 hours of pollen receipt (Clark and 
Husband 2007); the time to close is reduced when pol¬ 
len loads are larger and perhaps increased when self¬ 
pollen is deposited, indicating a consistently adaptive 
response. 

Less drastic shape changes, such as increasing re¬ 
flexion of petals or sepals, are also a common occur¬ 
rence, and such changes often act as a signal of the age 
of an individual flower and hence perhaps the likeli¬ 
hood of pollen availability; an example of this effect 
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was described for Anemonopsis visited by bumblebees 
(Pellmyr 1988). 

Smaller shape changes may also occur within one 
part of a flower, including elongation of the anthers or 
stigma linked to protandry or protogyny (chapter 3) 
or altered curvature of these structures. Or there may 
be subtle and reversible movements of parts of the 
flower, seen for example in the lateral (inward) move¬ 
ment of anthers in Mahonia when the flower is stimu¬ 
lated by physical contact from a visitor (plate 12B), 
increasing the chances of pollen contact with animal 
surfaces. 


6. Particular Floral Shapes 

The listings below approximately follow the catego¬ 
rizing of flower types by Kugler (1970) and by Faegri 
and van der Pijl (1979), although with some simplifi¬ 
cations. Many schemes have been produced over the 
years, some more strictly botanically correct, but the 
main requirement here is to distinguish types in rela¬ 
tion to possible or actual visitors. 

Open Disk or Bowl Flowers 

This simplest of flower types is extremely common 
across many plant families (plates 2 and 3), with the 
petals forming a relatively flattened disk when fully 
open. The petals may be touching or overlapping later¬ 
ally for much of the flower’s life but can become quite 
separate and well spaced as the flower becomes fully 
mature, giving a more star-shaped appearance (fig. 
2.15). In other cases the petals persist in a more raised 
orientation forming a deeper bowl, but still with very 
free access to most visitors. 

This kind of floral arrangement most commonly oc¬ 
curs with a single layer of four to eight petals, as in 
buttercups ( Ranunculus ), Anemone, Helleborus , pop¬ 
pies ( Papaver ), and many rosaceous plants, such as 
bramble ( Rubus ), hawthorn ( Crataegus ), cherry ( Pru- 
nus), or Potentilla. More rarely in wild plants (but 
rather commonly in garden hybrids) there are multiple 
petal arrays, as seen in many Rosa species. These flow¬ 
ers have a mass of anthers positioned centrally within 
the cup or bowl and have shallow exposed nectaries, 
so that both pollen and nectar are freely available to 
visitors. 


Some examples within this type are more compli¬ 
cated. For example, hellebores have tubular petal nec¬ 
taries within the bowl, concealing the nectar from 
short-tongued visitors (plate 19B). Other genera con¬ 
tain pollen-only flowers, with no nectar on offer; Pa- 
paver is a classic example, but this situation is also 
common in Helianthemum, Adonis, and some species 
of Cistus. 


Tubular Flowers with Radial Symmetry 

Here the perianth parts are elongated and arranged at 
their base to form the tube, while in the outer corolla 
the petal tips are reflexed somewhat to form a flat¬ 
tened landing area around and above the tube (plates 4 
and 6 show examples). The flowers typically have few¬ 
er reproductive parts that are more fixed in number 
compared with more primitive disk and bowl flowers, 
and they have regular and small numbers of petals or 
calyx lobes. This design leads to visual concealment 
of the nectary, and as a result, the nectar can only be 
reached by a visitor with a suitably elongate tongue. 
Such flowers occur in many plant families, often where 
the “typical” flower form is quite different. 

This functional state can be achieved in several dif¬ 
ferent ways (fig. 2.16). Elongation by uniting both se¬ 
pals and petals into separate tubes is the commonest 
form, and the corolla then usually has a narrow tubular 
basal region, into which only visitor mouthparts can 
be intruded, and a flat outer disk of petal tips, to offer 
landing or gripping space. This design (plate 6) is very 
familiar in flowers such as gentians ( Gentiana), peri¬ 
winkles (Vinca), forget-me-nots (Myosotis), and prim¬ 
roses (Primula), each of these examples being from a 
different family. The outer tube formed from the se¬ 
pals acts as support and protection to the base of the 
corolla and may help protect against illegitimate nec¬ 
tar robbery from short-tongued visitors. 

Uniting the petals into a tube that has little or no 
support from sepals is also possible, as seen in honey¬ 
suckles (Lonicera, plate 16A) and many bellflowers 
(Campanulaceae, e.g., plate 4D); these examples gen¬ 
erally have protected inferior ovaries and so need less 
physical protection from the sepals. Tropical versions 
are perhaps commoner and include Stephanotis (plate 
6H), Dipladenia, and Plumbago, the latter having a 
very narrow tube of fused blue petals and a calyx 
bearing fine sticky hairs externally (plate 6G), perhaps 
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Geranium 


Rubus 






Anisodus 


Potentilla 



Capparis 



Malva 



Figure 2.15 Various radial designs of flowers: (A) in cross sections, with the positions of nectaries indicated; (B) in 
frontal view. Note that this design includes star shapes (often with petals and sepals alternating) and bowls or bells. 
(Redrawn from Proctor and Yeo 1973.) 


deterring ants (chapter 25). Red tube-shaped flowers 
are also common in bird-pollinated plants such as 
Hamelia ox Aloe (plates 26 and 27). 

Elongation by forming a sepal tube is an alternative 
approach and is characteristic of many plants in the 


Caryophyllaceae, especially in the genus Dianthus 
(pinks, campions, etc.). The sepals form a distinctive 
tubular cup from which thin dissected petals emerge 
and spread out to give a frilled effect. 

In the Brassicaceae (a taxon usually with small and 
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Curcubitaceae Boraginaceae Lythraceae 

Figure 2.16 Types of tubular design and how they are achieved, including elongate separate 
fused, petals (and sometimes sepals). 


but overlapping, or 


shallow cross-shaped flowers), some of the larger- 
flowered genera, such as cuckoo flowers ( Cardamine) 
and wallflowers (Erysimum), have the four sepals 
elongated and pressed tightly together (without actual 
fusion) to form the tube, while the four petals are sepa¬ 
rate and very narrow basally but expand apically above 


the calyx tube. In some Geraniaceae species (e.g., herb 
robert, Geranium robertianum) and in some mallows 
(Lavatera, plate 3E) and Hibiscus (plate 3D), a similar 
design occurs, although with five or six sepals and pet¬ 
als. In some of these examples the inner surface of the 
corolla effectively becomes ridged, producing a series 
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of channels leading down to the nectar and foreshad¬ 
owing the revolver flower, which will be discussed in 
Trumpet-Shaped and Bell-Shaped Flowers, below. 

The risk with arrangements that lack petal or sepal 
fusion is that illegitimate visitation can occur, often 
when honeybees force their way into the tube between 
perianth segments that are merely pressed together. 
Hence a less risky way of achieving the same effect is 
to deepen the receptacle substantially; this can be seen 
in purple loosestrife (Lythrum salicaria ) and in vari¬ 
ous species of Daphne (Thymelaceae) (plate 6A), 
where several millimeters of depth are provided by the 
receptacle, above which lie short petaloid sepals. And 
even with only slight receptacle deepening, an effec¬ 
tive functional flower depth can still be achieved by 
adding a dense ring of anthers above the receptacle, in 
effect forming a tube into which a visitor’s tongue 
must be inserted; some species of Prunus use this 
system. 

For all these flowers, which converge by various 
means on a common functional design, the critical fea¬ 
ture in terms of attracting a particular kind of visitor is 
the match between corolla depth (from the tube rim to 
the nectar or pollen) and tongue length. The same is 
true for flowers in the next section, although in their 
case, added complexity and more precise matching is 
required. 

Tubular Flowers with Bilateral Symmetry 

These are typical zygomorphic tube- or funnel-shaped 
flowers (plate 7), for which Westerkamp and Classen- 
Bockhoff (2007) used the term bilabiate (fig. 2.17A). 
Nectar is again concealed and, as a result, can normal¬ 
ly only be reached by a visitor with a suitably elongate 
tongue, but the flower form is more complex relative 
to the preceding group. The flowers are normally ar¬ 
ranged in a consistent orientation on the plant—more 
or less horizontally—and a particular direction of ap¬ 
proach is needed to land and enter. Hence the visitor 
needs good perception of three-dimensional shape and 
reasonable learning ability to gradually improve its 
handling of the flower, fitting its own bilaterally sym¬ 
metrical body into the bilateral flower. 

These flowers are again typified by a small and 
fixed number of reproductive parts (stamens, styles, 
ovules) and regular small numbers of petals or sepals 
(usually three to six), these perianth parts being united 


to form the tube. Furthermore, the uppermost petal is 
often expanded apically as a hood, protecting anthers 
and/or stigma, and one or more lower petals are modi¬ 
fied as a landing platform. 

By far, the majority of these flowers are nototribic, 
that is, they have dorsal anthers and styles that deposit 
and pick up pollen on the back of the head or thorax 
of a visitor; they are also sometimes termed gullet 
flowers. Examples in temperate floras include a host 
of flowers in the two large families Lamiaceae and 
Scrophulariaceae, as well as many orchids. In the trop¬ 
ical floras many additional examples are provided by 
two additional very large families, Acanthaceae and 
Gesneriaceae, and of course by a great many more or¬ 
chids. In fact, under the term “bilabiate,” Westerkamp 
and Classen-Bockhoff (2007) found examples in 38 
angiosperm families, and these include the great ma¬ 
jority of blooms that would be conventionally de¬ 
scribed as specialist bee-visited flowers. 

Many of the labiate flowers (Lamiaceae) have co¬ 
rollas that are essentially just two-lipped. The upper 
lobe forms a roof or hood over the stamens (protecting 
the pollen both against external conditions and against 
being too easily gathered by bees) and then protecting 
the later-developing style (since protandry is the norm; 
chapter 3). The lower lobe forms a landing platform 
for visitors (fig. 2.17C), although this can be much 
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pollination chamber 



alignment channel 




Figure 2.1 7 The typical bilabiate floral design: (A) as seen especially in Lamiaceae and Scrophulariaceae (modified 
from Proctor et al. 1996); (B) changing form in a protandrous species such as Salvia, where the stigma is out of 
reach in the male phase but an insect pushing on the lever-like anther base (arrow) causes the fused anthers to 
bend down and contact its back, whereas in the female phase the style is elongated and curved to contact a visitor 
in a similar place (modified from Heinrich 1979a); (C) in diagrammatic cross section showing the landing platform, 
the pollination chamber and the narrower alignment chamber, and an alternative version with little or no landing 
platform, commonly bird-pollinated (redrawn from Westerkamp and Classen-Bockhoff 2007); (D) labiate-type lip 
flower and legume-type flag flower variants compared (modified from Endress 1994). 
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reduced in many of the larger bilabiate flowers. The 
two lobes are separate apically (forming the “pollina¬ 
tion chamber,” in Westerkamp and Classen-Bockhoff’s 
(2007) terminology, fig. 2.17C) but united into a tube 
basally for about half of their length (the “alignment 
channel”). Nectar is secreted at the base of this tube, 
often accumulating as a substantial column within the 
tube (and can be visible from the outside in some thin¬ 
ner-walled corollas). 

Both the flowers and their visitors come in a very 
wide range of sizes and with different degrees of ac¬ 
cessibility. Large temperate examples include archan¬ 
gel ( Lamiastrum , plate 3 IE) and some Salvia species, 
with flowers often 20 mm or more in length that can be 
accessed only by longer-tongued bumblebees; Phlo- 
mis (plate 7A) is also in this category, though with its 
roof curved over it has a rather closed-access corolla 
that a bee must force its way into. Medium-sized 
forms, such as deadnettles ( Lamium ), skull caps ( Scutel¬ 
laria ) and selfheals (Prunella), have tubes 8-15 mm 
deep and are visited by a wider range of bees, whose 
bodies fit neatly between the hood and the landing 
platform as their tongues probe for nectar. Smaller- 
flowered varieties include many of the familiar hedge¬ 
row plants, such as woundworts ( Stachys ), bugles 
(Ajuga), and woodsages (Teucrium). Also in this cate¬ 
gory are many of the classic Mediterranean herbs, in¬ 
cluding mints (Mentha), thyme (Thymus), and marjo¬ 
ram (Origanum), which often occur as flower spikes 
(plate 10). In most of these flowers, the fully enclosed 
tubular part of the corolla is only 2-6 mm long, so that 
they can be visited by a substantially wider range of 
insects, including medium- to long-tongued flies and 
short- to medium-tongued bees (honeybees and soli¬ 
tary species). Even large bumblebees still visit these 
smaller labiates but insert only the head under the hood 
rather than the whole body. A given Bombus species 
may get the pollen of Ajuga on its head but the pollen 
of Lamium on its dorsal thorax and so remain an effec¬ 
tive cross-pollinator of each even when visiting both 
on the same trip. Where these flowers occur on spiked 
inflorescences, the stamens often project beyond the 
upper lip of the flower, but they get some protection 
from the bract or calyx of the next flower upward on 
the spike (e.g., plate 10A-D). 

Labiates also come in larger varieties in the tropics 
suited to bird, and occasionally bat, visitation, but 
many of these examples have a reduced lower lip be¬ 
cause a landing platform is no longer needed. Salvia 


provides good examples in those species showing 
large and highly elongate red corollas. This genus has 
an unusually large variety of form and visitors and is 
also unusual in having a kind of lever action in its sta¬ 
mens (fig. 2.17B) to deposit pollen on the visitor (Re- 
ithet al. 2007; and chapter 7); these levers have evolved 
at least three times independently (Walker and Sytsma 
2007). They are still present in the bird-pollinated spe¬ 
cies but have often become immovable, assumed to be 
so because the lever effect is not necessary with a large 
bird visitor (Wester and Classen-Bockhoff 2006). 

In the original family Scrophulariaceae (now some 
what realigned taxonomically) similar kinds of flower 
and a similar range of sizes occur. The large foxgloves 
(Digitalis- Plantaginaceae) belong here, though these 
are very open, with little trace of upper and lower 
lobes; their downward-pointing orientation and hairs 
in the corolla tend to exclude many “inappropriate” 
visitors, the main successful foragers being bumble¬ 
bees. In the medium-sized range come yellow rattles 
(R hi nan th iM-Orcb anchac eae) and snapdragons (Anti- 
rr/ 7 ; n mot-P 1 an tag i n ace ae), and then the smaller eye- 
brights (Euphrasia- Orobanchaceae) and toadflax 
(L/nuna-Plantaginaceae; plate 32C). Louseworts (Pedi- 
cularis- Orobanchaceae) are particularly common ex¬ 
amples throughout the northern hemisphere and exem¬ 
plify the type. The corollas are two-lipped as in 
labiates, but here the upper hooded lip is laterally com¬ 
pressed, protecting the stamens within, which occur in 
two inward-facing pairs that are protectively pressed 
together until a visitor lands on the flower (fig. 2.18). 
The structure of the upper lip requires a visiting bee 
to enter with its head at a slant, so levering the hood 
open and forcing the anthers apart, and this action 
releases pollen onto the bee’s head. In North America 
the larger early flowering species, such as wood betony 
(P. canadensis), have a style that is unusually long 
and protruding from the yellow corollas, and Macior 
(1968) showed that when visitors (mostly queen bum¬ 
blebees) alight, the long style is exactly sited to 
pass into the bees’ neck region (the groove between 
the head and the thorax), in which previously deposit¬ 
ed pollen can rarely be completely groomed off 
by the bee, so ensuring pickup of nonself-pollen. 
Some “scrophulareous” types have developed a more 
sophisticated form of protection, with the opening 
much restricted by a raised lower lip to give a “door” 
effect, where the upper and lower lips are closely 
pressed together, such that only a relatively strong and 
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Figure 2.18 Tubular flowers in S 
A 


“clever” visitor can lever them apart and force a way in 
to the rewards. This can be seen in nemesias, toadflax¬ 
es, and snapdragons (plate 30F), where additional con¬ 
straints are imposed by the presence of a nectar spur, 
which keeps most of the nectar out of reach of all but 
the long-tongued visitors. In such flowers, bees seek¬ 
ing only pollen may often work the flowers upside 
down, scraping pollen from the anthers that lie in the 
roof of the upper corolla lobe. 

Some other plant families can produce similar and 
rather typical zygomorphic tubular flowers. For ex¬ 
ample, the Viola flower is essentially a shallow version 
of this floral type (plate 19C), with five separate petals, 
of which the lowest is prolonged backward into a spur, 
and with a complex central cone incorporating the an¬ 
thers and a hollow style (chapter 8). The main visitors 
to most wild violets are bees, both bumblebees and a 
range of solitary species, though some hoverflies also 
visit. 


An open zygomorphic design also occurs in many 
hummingbird-pollinated flowers, often the Gesneri- 
aceae, where the upper lip is pronounced and over¬ 
hanging but the lower lip is almost absent or strongly 
recurved (e.g., plate 26F), removing any landing plat¬ 
form effect and requiring the bird visitor to hover in 
front of the flower as it feeds. The term “gullet flower” 
is particularly applied to these flowers. 

There are also some sternotribic tubular flowers 
that should be mentioned, where the anthers and style 
are more ventral and come up from the base of the 
flower, usually depositing pollen on the underside of a 
visitor. Many of these are less obviously tubular, 
instead being keel, or flag, flowers (dealt with in Keel 
Flowers below), but there are some strictly tubular 
sternotribic flowers that should be discussed here. The 
monkshoods ( Aconitum ) provide a good if somewhat 
elaborate example (plate 7D). Although part of the Ra- 
nunculaceae, a family that is regarded as primitive and 
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Figure 2.19 Monkshood flowers {Aconitum sp.), with 
complex sternotribic morphology and an elongate in¬ 
ternalized petal nectary only accessible to a long- 
tongued bee working upward from below. (Redrawn 
from Proctor et al. 1996.) 


normally has simple radial flowers, the monkshoods 
have evolved a complex bilateral morphology (fig. 
2.19) that is almost exclusively shaped for bumblebee 
visitation; no other visitors are effective. The sepals 
form the principal colored attractant structures (purple, 
blue, or cream in different species), the uppermost of 
the five sepals forming a substantial hood shaped rath¬ 
er like a monk’s cowl or a rounded helmet. Under this 
hood are two enlarged tubular nectaries (formed from 
petals), the other nectaries being small or entirely ab¬ 
sent. The stamens develop before the style is mature 
(i.e., the flowers are protandrous; see chapter 3) and 
are reflexed downward initially but stand out horizon¬ 
tally as they begin to dehisce, so that they dust pollen 
on the abdomen of a visiting bee that alights on the 
lower sepals and moves upward to reach the nectaries. 
Only after the stamens are all dehisced and withering 
do the maturing stigmas become exposed. In the blue 
A. napellus the nectaries are fairly long with a small 
reservoir at the tip and can be visited by medium- and 
long-tongued bees, whereas in the alpine species A. 
vulparia, which is predominantly creamy yellow, the 
nectaries are extraordinary, up to 22 mm long and 
spirally coiled, so that only the very longest-tongued 
bumblebees are able to access the nectar. 

Perhaps not surprisingly, some scrophulareous 
flowers have also produced almost sternotribic flow¬ 
ers. In North America the summer-flowering pink 
lousewort (Pedicularis groenlandica) has a very elon¬ 
gated curved style protected by a lobe of the upper co¬ 
rolla lip, and worker bumblebees alight on top of this 
beak-like structure in a way that would suggest ster¬ 
notribic pollen deposition. However, the style’s curva¬ 
ture is such that its tip comes under the bee and then up 
the side of the thorax to lie close to the front surface of 


the abdomen, pollen therefore alighting on a surface 
that is difficult to groom clean (cf. P. canadensis dis¬ 
cussed earlier). 

Trumpet-Shaped and Bell-Shaped Flowers 

Although these designs could be seen merely as ver¬ 
sions of radial tubular flowers, here the tube is more 
open, and visitation by insects involves the whole body 
entering the flower. Hence the crucial factor in coevo¬ 
lution with a preferred visitor is matching flower tube 
diameter to body size, and there is no necessity to 
match corolla depth to tongue length (although there 
are flowers of this type mainly visited by vertebrates, 
where the visitors may merely insert their tongue). 

These flowers are perhaps best seen as intermediate 
between open bowl flowers and radial tubular flowers, 
and of course there is in practice a continuum between 
all three designs. However, the dicot trumpet-shaped 
flowers usually have some petal fusion to form the 
base of the trumpet, with the petals becoming separate 
only as the corolla flares outward. And whereas open 
bowls can be (and are) visited by almost any insect, the 
trumpet-shaped flowers are commonly only visited by 
those with a closer match of body size to trumpet di¬ 
ameter. Some of the more sedentary smaller insects 
(pollen beetles, for example) may crawl inside, but 
small active fliers are less likely to be regular visitors. 
The stigma and stamens tend to be central, more or 
less strongly united into a single structure, with the 
anthers dehiscing outward to deposit pollen on insects 
entering the trumpet. 

A classic example is Campanula and many related 
genera in the Campanulaceae, all commonly known as 
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bellflowers. Many are pendant, some projecting side¬ 
ways from the flower stalks and a minority pointing 
upward, but all are essentially bell shaped with a slight 
flare at the outer rim of the corolla (plate 4D). Necta¬ 
ries lie at the base of the bell, but the five central sta¬ 
mens have rather expanded bases, so that five short 
channels lie between their bases and lead to the nectar. 
Looked at head on (fig. 2.20, plate 3B), there is thus a 
ring of separate narrow tubes in the flower base, and a 
visitor must probe each in turn to get the full reward; 
this design is sometimes termed a revolver flower, hav¬ 
ing the appearance of the barrels of a revolver and also 
conveniently reflecting the fact that a visitor must re¬ 
volve around within the flower to sample each channel 
in sequence, taking up a series of feeding positions. In 
fact the shortest-tongued visitors cannot reach the liq¬ 
uid reward at all, and revolver flowers of this kind are 
usually only visited by insects (mainly bees) having a 
moderate tongue length. Simple revolver flowers are 
also found in some Abutilon (plate 3C) and in a more 
complex form in the genus Nasa (Loasaceae) where 
they can be divided into two types, tilt revolver (spread¬ 
ing white-yellow petals with brightly colored scales 
concealing the nectar entrances) and funnel revolver 
(more erect orange-red petals, nectar freely accessed 
through noncontrasting funnel-shaped scales). The 
former condition is ancestral and the flowers are visit¬ 
ed by bees, especially colletids; the latter state has 
arisen at least twice and the flowers are mainly visited 
by hummingbirds (Weigend and Gottschling 2006). 


Another well-known trumpet flower is bindweed 
(i Convolvulus and related genera such as Ipomoea, Ca- 
lystegia, etc.), opening to an almost perfect cone shape 
(plate 3A). The very common Convovulus arvensis 
has flowers about 20 mm deep and up to 30 mm in di¬ 
ameter, while other species can be somewhat smaller 
or substantially larger. The flowers have a rather nar¬ 
row tube at the extreme base where the nectaries lie, 
again with a restricted revolver flower form with ac¬ 
cess via five channels between the stamen bases. Most 
of these flowers last only one day. 

Similar designs, though slightly more elongate, are 
seen in some alpine gentians (“trumpet gentians,” such 
as Gentiana cisclepiadea and G. acaulis, plate 6B) that 
are typically visited by bumblebees. They stay open 
for several days and are protandrous, again with the 
revolver flower effect internally. Some of these species 
have “windows”—patches of pale translucent walls 
near the base of the corolla, so that an insect may seem 
to move toward the light as it enters. Soldanella is an¬ 
other alpine example of this type, although pendant 
and with divided petals (plate 4F). A larger version of 
the design is seen in Datura (syn. Brugmannsia, plate 
3H), visited a little by bees in daylight and intensively 
by hawkmoths, and sometimes bats, around dusk. 

Monocot versions of the trumpet-type flower gen¬ 
erally lack petal fusion and tend to have the stigma 
and stamens further apart. In this group protogyny is 
common, with the styles longer than the stamens. Typi¬ 
cal examples occur in the Liliaceae, including lilies 


Figure 2.20 Revolver flower, especially seen in face-on 
views of Brugmansia; note the five channels within at 
transverse section (c), formed by the stamens and corolla. 
See plate 3 for a similar effect in Campanula and 
Abutilon. (Redrawn from Endress 1994.) 
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(Lilium ), tulips ( Tulipa ), and fritillaries ( Fritillaria ), 
where nectar is secreted in grooves at the bases of the 
petals (these nectary grooves being enlarged into cup¬ 
like structures in some of the larger fritillaries such as 
crown imperial, F. imperialis, plate 19A). Some Iri- 
daceae also have bell-shaped flowers, notably Crocus, 
with the stamens and styles more united as a central 
column and the bell upturned. Trumpet design also oc¬ 
curs in the monocot bluebells ( Hyacinthoides ) and 
Solomon’s seals ( Polygonatum ). Daffodils ( Narcissus ) 
are essentially of this type too, although they are un¬ 
usual in having the “extra” corona tube projecting for¬ 
ward beyond the normal ring of spreading petals. Most 
of the genera mentioned are visited by bees, especially 
bumblebees and some solitary Anthophora, though 
longer-tongued syrphid flies may also be useful polli¬ 
nators. However, it is worth noting that many of the 
cultivars of these bulbous plants grown in gardens re¬ 
ceive very little visitation, having been bred for un¬ 
usual colors and forms that are less attractive or less 
rewarding to insects. 

Spherical Flowers 

In a rather small range of flowers, we find corollas that 
widen out to a broad central space before contracting 
to a narrow mouth, giving a roughly spherical overall 
shape. The petals are generally fused along most of 
their length to create this shape. The family Ericaceae 
provides many examples (plate 5), such as heather and 
heath (Erica, Calluna), bilberry and cranberry (Vac- 
cinium). Snowberry flowers ( Symphoricarpos , from 
the honeysuckle family) are also rather spherical, but 
with a flared opening. The monocot grape hyacinths 
(Muscari , from the lily family) are also of this general 
form, again with flared “teeth” at the mouth, though in 
this case they are packed together as a tight inflores¬ 
cence spike (plate 5C). Some tropical flowers also 
produce a spherical form, especially in the family Ru- 
biaceae, and are very often white in color (plate 5E), 
though some larger red versions occur and tend to be 
bird visited. 


Keel Flowers 

Keel, or flag, flowers (plate 9D-H) are in some re¬ 
spects just a modification of the bilabiate or tubular 


zygomorphic flower type, but they are very distinctive 
and commonly involve specializations for triggered 
pollen release, and so deserve a category of their own. 
They are particularly characteristic of the legumes 
(Fabaceae), familiar as pea and bean flowers, often 
collectively termed papilionate flowers. However, a 
remarkably similar design has also arisen convergently 
in the Polygalaceae, with very detailed congruences of 
structures (Westerkamp 1999). 

The flowers have a short tubular green calyx, usu¬ 
ally clearly five-lobed, at least at the tip. Within this 
the corolla is formed from five petals, but with the cen¬ 
tral uppermost petal being enlarged as the standard. 
The two petals just below this to either side are termed 
the wings, forming lateral projections to which a visi¬ 
tor can cling; and the lowest pair are folded tightly to¬ 
gether to form a somewhat boat-shaped structure 
termed the keel, which encloses the stamens and stig¬ 
ma and is only open toward its tip (fig. 2.21). All five 
petals usually remain free in the sense that they do not 
fuse to each other, but a variety of complex folds and 
projections tend to occur that effectively lock them to¬ 
gether, at least basally. Within the keel the stamens do 
fuse together; there are normally ten, nine of which 
unite along a substantial part of their length to form a 
tube in which nectar accumulates from a basal nectary, 
while the tenth and uppermost stamen remains free to 
allow access to this nectar. 

In all these flowers the stamens and stigma are very 
close together within the keel, and self-incompatibility 
(chapter 3) is therefore commonplace. In some species 
there is a degree of self-compatibility, but the stigma 
does not become receptive until after its surface has 
been abraded during the course of at least one visit, 
such that a second visit (hopefully from a cross- 
pollen-bearing visitor) is needed to effect pollination. 

When a visitor alights on such a flower, it will nor¬ 
mally grip onto the wing petals and insert its tongue 
between the more or less erect standard petal and the 
upper edges of the keel, sliding the tongue inward to 
reach nectar in the staminal tube. A variety of events 
can then occur to cause pollen deposition on its body: 

1. In the simplest forms, such as white melilot (Me- 
lilotus alba) and the clovers ( Trifolium ), the wings and 
keel are pressed down and apart by the visitor’s body 
and the rather rigid stamens and style are thereby ex¬ 
posed so that they will contact the abdomen of the 
probing animal (usually a bee). Once the visitor leaves, 
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flower opens, the stamens are already withered, but the 
stigma brush is exposed by the first visitor and carries 
the pollen onto the visitor’s underside. In these flowers 
only quite large visitors with long tongues (bees, some 
hoverflies) can reach the nectar, and their weight is 
enough to depress the keel and ensure that the brush is 
exposed. In some Lathyrus species, the keel structures 
are asymmetric, and visitors must approach from the 
left and will receive contact from both style and pollen 
on their right side. 

3. In genera such as Lotus (trefoils), Anthyllis and 
Hippocrepis (vetches), and Lupinus (lupins), the keel 
petals do not part on the midline to expose the stamens 
and style but instead are united except for a small slit 
at the tip. When the wings and keel are pressed down 
by the weight of a visitor, the stamens below force a 
ribbon of pollen out of this slit, acting rather like a 
piston. Later on in the life of the flower the stigma vis¬ 
ibly protrudes through this same slit. 

4. Taking this mechanism one stage further, some 
legumes have a form of explosive pollen presenta¬ 
tion. In the common forage crop lucerne ( Medicago 
sativa), the stamen tube is initially held down by pro¬ 
jections on the keel petals, but the weight of a visitor 
dislodges these projections and allows the stamen tube 
to spring upward (often termed tripping of the flower). 
In common European gorse ( Ulex, plate 9D), which is 
nectarless but extensively probed in early spring by 
both Bombus and Apis, the two keel petals are stuck 
together initially but the weight of the visitor causes 
them to break apart thus uncovering the stamens. The 
broom flower ( Cytisus ) is even more elaborate, with 
two sets of stamens that spring out once the keel petals 
are disunited, one set hitting the bee’s underside and 
the other set springing outward and upward to hit the 
sides or back of the bee. Once visited, these “explo¬ 
sive” flowers tend to become limp and are rarely vis¬ 
ited again. Plate 9, E and F, shows examples of flowers 
during and after tripping. 

All the cases mentioned so far have been legumi¬ 
nous, but as so often happens in floral biology, a useful 
floral design giving some control of visitors has been 
invented convergently, and a remarkably similar de¬ 
sign is found in genera such as Corydalis and Fumaria 
(plate 7E; Papaveraceae). Here there are just four pet¬ 
als, the upper one forming a small upright flag and 
also bearing a nectar spur at its base. The two lateral 


petals curl inward and fuse at their tips, so forming a 
sheath that encloses a thick and rigid style, which be¬ 
comes covered by its own pollen in the bud stage as in 
Vicia (paragraph 2 above). Bumblebees and larger 
solitary bees depress the sheath as they visit and probe 
for nectar and so receive pollen on their undersides. 
One species of yellow corydalis from alpine Europe 
(Pseudofumaria lutea) even has an explosive pollen 
release system like that of gorse. 


Iris-Type Flowers 

In the case of iris-type flowers, there are six petals 
modified into two sets of three: an upper set expanded 
as the standard petals that project upward and provide 
the main floral display, and a lower set that projects 
downward and are termed fall petals (fig. 2.22, plates 
9C and 15C). The falls are modified at their inner end 
as large grooves that are roofed over by an expanded 
petal-like style to form a tube leading to nectar and 
housing a single anther. The distal region of the fall is 
also expanded to enhance the floral display and to give 
a landing platform; its upper surface often has a cen¬ 
tral elaborately ridged and furrowed area (the beard) 
that is differentially colored and gives a good grip 
to the bees that normally pollinate the flower by enter¬ 
ing between the standard and the fall. In effect, the 
single iris flower has become three separate functional 
units, each of which can be pollinated separately and 
each of which is essentially similar to a single zygo- 
morphic tubular flower as described in the section 
Tubular Flowers with Bilateral Symmetry above, so 
that Westerkamp and Classen-Bockhoff (2007) include 
this category in their bilabiate grouping. 

Iris flowers are unusual (perhaps only matched by 
orchids) in showing a great diversity of stamen- 
mimicking structures, including hairs with yellow tips, 
comblike structures, velvety cushions, and yellow 
lobes. 

Orchid Flowers 

Orchid flowers appear complex and very different 
from most other flowers (plate 10F-H) but are essen¬ 
tially formed from a tripartite basal plan not unlike 
that of the Liliaceae. They have six perianth segments, 
three inner and three outer (fig. 2.23), with the lower 
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inner petal expanded and termed the lip, or labellum, 
which provides a landing platform and sometimes 
bears a nectary (often with a nectar spur) at its base. 
The greatest degree of modification is in the central 
reproductive structures, where many stamens have 
been lost and the remainder are fused with the stigmas 
into a central column, which projects above the label¬ 
lum. Of the original stamens, only one is normally fer¬ 
tile (though there are two in the more primitive lady’s 
slipper orchids). The stamen forms a stalk at the back 
of the column, with its anther housed under a small 
hood that protects the two large pollinia, which are 
formed from a mass of tiny pollen grains held together 
by viscid elastic threads (chapter 7). In all orchids, 
only two stigmas are functional (though often fused 
together), the third becoming a small projection (the 
rostellum) on the top of the column, producing a 
sticky exudate conveniently close to the anthers (fig. 
2.23B), and thus helping to stick the pollinia to the 
bodies of passing insects. 

Within this basic anatomical framework, enormous 
variation in shape and size occurs, and many orchids 
have sophisticated mechanisms to ensure pollinia re¬ 
moval and deposition in precise places and at carefully 
timed intervals, often involving movements of parts of 


the column. Some of the most striking of these involve 
pseudocopulation, a topic covered in chapter 23. 

Perhaps not surprisingly, orchid diversity (with 
more than twenty thousand species) is linked with 
high pollinator diversity, but in fact over 60% of or¬ 
chids are bee pollinated. They are especially associat¬ 
ed with nonsocial or only primitively eusocial bees 
(bumblebees in northern habitats and euglossine bees 
in the tropics; chapter 18); these animals are adept at 
visiting widely spaced plants and populations and have 
very precise learned behaviors ensuring strong fidelity 
and precise pollen placement. 

Brush Blossoms 

“Brush blossom” is a useful general term for densely 
headed inflorescences that function as a single unit of 
attraction, and for practical purposes these can be re¬ 
garded as a single pollination unit. Many tens or hun¬ 
dreds of tiny individual flowers are packed together 
side by side to give a highly visible flat or domed 
landing surface, from which separate corollas can be 
probed for nectar. Anthers protrude to form the surface 
“brush,” and may be the most conspicuous part of the 
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Figure 2.23 (A) Basic orchid floral anatomy. (B) Close up of column 
and rostellum. (C) Various pollinia and pollinaria. 


flower, so that pollen is freely available at the surface 
of the blossom, from which it can be collected (by 
bees and hoverflies) or can be brushed passively onto 
the underside of other visitors as they pass over. The 
brush blossoms offer a reward to a very wide range of 
visitors and typify generalist flowers, those usually 
lacking specific adaptations to particular pollinators. 

Several plant families produce a classic version of 
this flower type, in which a broad inflorescence is 
made up of numerous small white or cream-colored 
flowers, from which a massed froth of anthers emerge. 
Plate 1 includes some examples. The herbaceous um- 
bellifers, such as hogweed ( Heracleum ), cow parsley 
(Anthriscus ), and pignut ( Conopodium ), are the most 
obvious cases; they are abundant in most temperate 
hedgerows, along with their kin that provide important 
vegetables (carrot [Daucus], parsnip [Pastinaca\, fen¬ 
nel [ Foeniculum ], etc.). But the same design can be 
found in other families, such as the scabious ( Scabio- 
sa, Dipsacaceae), rampions ( Phyteuma , Campanulace- 
ae), and various members of the monocot Liliaceae 
family (onion relatives such as Allium). It also occurs 
in much larger and woodier hedgerow shrubs, such as 
many Viburnum species (guelder rose, snowball tree, 
etc., Caprifoliaceae) and Sambucus (elder, Adoxace- 
ae); in Cornus species (dogwoods, family Cornaceae), 
which are common throughout the northern hemi¬ 
sphere; and in Hydrangea species (Hydrangeaceae). 
On a much smaller scale it is also seen in many low- 
growing plants such as saxifrages and sedums. Since 
many of the families mentioned are regarded as fairly 
advanced, it is clearly not appropriate to regard these 
generalist flowers as in any sense more primitive than 
flowers specialized for particular pollinators. 

Brush blossoms of all these kinds are visited by al¬ 
most any kind of insect: flies are nearly always com¬ 
mon, along with beetles, wasps, honeybees, and short- 
tongued solitary bees. The prevalence of this design 
may even be an indication of Mullerian mimicry rings, 
in which plants exploit the evolutionary advantage of a 
common advertising system. Their visitor spectrums 
do vary somewhat, probably largely due to differences 
in scent, which range from rather musty to extremely 
sweet and which can even vary within a species in dif¬ 
ferent populations (e.g., Tollsten and Ovstedal 1994, 
working with Conopodium ). 

An alternative kind of brush blossom occurs in 
many genera of the Fabaceae in the mimosoid sub¬ 
grouping. Plate 8 shows examples in various size rang¬ 
es. Here masses of tiny florets are assembled into a 
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Figure 2.24 A range of brush blossoms: (A 
C)and (D 


C) and (D) redrawn from Endress 1994.) 
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spherical or elongate (spicate) inflorescence (fig. 2.24), 
often yellow or white but sometimes purple, pink, or 
red. The classic example is the acacia, which is ex¬ 
tremely common as a shrub or small tree across all the 
southern continents (though recently undergoing re¬ 
classification such that only the Australian genera may 
now be strictly termed Acacia). Here the corollas are 
tiny and the blossom is in effect formed by the massed 
anthers emerging as a pom-pom, offering pollen freely 
to all animals alighting on the surface. In other genera 
the whole structure is much larger and may be visited 
by hawkmoths, birds, and bats; examples include Albi- 
zzia and Newtonia. Similar examples occur in the 
Myrtaceae and among eucalypts, and some of the bot¬ 
tlebrush flowers, such as Callistemon, also fit here 
(plate 8D). 

Composite Flowers 

The family Asteraceae is probably the largest world¬ 
wide, exceeding even the orchids, with some 25,000 to 


30,000 species, and has to be recognized as one of the 
most advanced and most successful of all the angio- 
sperm taxa. Its flowers, which are usually instantly 
recognizable composite “daisy” or “thistle” designs 
(plate 8F), must have contributed in large measure to 
this success. The composite inflorescence is made up 
of many individual tiny flowers, each with one ovule, 
that open successively over a period of days. Different 
pollination events may take place over the surface of 
the flower head on different days and times of day and 
may be effected by different visitors. The advantage 
may well be that different (and often neighboring) 
flowers get different sexual partners, and the inflores¬ 
cence as a whole ends up with seeds sired by a range 
of different fathers, opening up far more opportunities 
for variation and adaptation to new environments. 

A typical composite inflorescence (capitulum, fig. 
2.11) has florets of two separate types, most easily seen 
in daisies (Aster), in ragworts (Senecio), or on a grand 
scale in sunflowers (Helianthus annuus). Plate 8G 
shows a particularly clear example. The outer part of 
the blossom is made up of ray florets, which generally 
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look just like petals and have asymmetric, strap-like 
corollas, while the center is made up of small tubular 
disk florets, which are radially symmetrical. The ray 
florets, commonly white or pink/purple, provide most 
of the advertisement, although in many species they 
are aided in this role by the contrasting color (almost 
always yellow) of the central disk florets. 

The structure and function of the two kinds of 
floret from a typical composite flower are shown in 
figure 2.25. 

1. Ray florets are purely female in function, with a 
short bilobed stigma, and they open before any of the 
central disk florets are mature, so making the capitu- 
lum effectively protogynous (even though the individ¬ 
ual disk florets are usually protandrous). 

2. Disk florets, which contain both male and female 
organs, are packed tightly together in the center of a 
blossom. They have the calyx reduced to a simple ring 
of long hairs (the pappus) around the inferior ovary 
and a simple tubular corolla emerging above this, wid¬ 
ening just at its tip into five short lobes. The five sta¬ 
mens are separate within the corolla, but the introrse 
anthers are fused apically into a long tube that sur¬ 
rounds the style; pollen is therefore shed to the interior 
of this tube. The style (with its bilobed stigmatic tip 
closed) then begins to grow up through the anther tube 
as the floret opens (usually in the morning), pushing 
out the pollen as it advances. In many species, includ¬ 
ing the common knapweeds (Centaurea), this emis¬ 
sion of pollen is not continuous but is triggered by 
visitation, which causes the stamen filaments to con¬ 
tract a little, so extruding a small dose of pollen onto 
the visitor’s underside; successive small doses of pol¬ 
len are dispensed onto each succeeding visitor, the fil¬ 
ament length slowly being restored between each visit. 
Only when all the pollen has been extruded (usually 
not until day 2 of the floret’s life) does the style tip 
emerge, spreading open its stigmatic lobes. Nectar¬ 
gathering from these flowers is difficult since the an¬ 
ther insertions effectively block the corolla tube; it is 
likely that most insects foraging on composites can 
gather only nectar that has risen above the anther in¬ 
sertions (Corbet 2000). 

The relative proportions of disk and ray florets, and 
the sexuality of each, provide the main sources of vari¬ 
ation in the pollination characteristics of Asteraceae. 
In coltsfoot ( Tussilago ) both floret types are present 


but the central disk florets are purely male. In some 
genera, particularly those known loosely as thistles 
( Carduus, Cirsium, Centaurea, etc.), only the tubular 
(disk) florets are present, and the mechanism of pollen 
presentation is similar to that already described. How¬ 
ever, in somewhat fewer genera, only the strappy ray 
florets are present, the most obvious example being the 
ubiquitous dandelion ( Taraxacum ). Here the ray flo¬ 
rets are of necessity hermaphrodite and function rather 
like the ray florets of a daisy, although in most cases 
the style, rather than acting as a simple piston in push¬ 
ing the pollen out, is more like a bottle brush, having 
hairs on its sides that carry the pollen upward off the 
anthers, again before the style tip spreads open to re¬ 
veal stigmatic surfaces. Occasionally species occur 
with the male and female functions on different plants; 
the thistle Cirsium acaule, for example, has some all¬ 
female blossoms and some (larger) hermaphrodite 
blossoms. 

The other important variable that affects visitor pat¬ 
terns is the depth of the florets, especially the disk 
type. Asteraceae do show a considerable variation in 
corolla depth, but this shows little correlation with 
visitor diversity and is instead linked strongly to phy- 
logeny (Torres and Galetto 2002). The later-evolving 
taxa have shorter corollas and greater visitor diversity, 
probably reflecting a tendency toward generalist pol¬ 
lination in the family. 

Unsurprisingly, then, nearly all composite flowers 
receive many kinds of visitor; for Senecio jacobaea a 
list of 178 insect species was compiled by Harper and 
Wood (1957), many of them also visiting other com¬ 
posites and umbellifers. Clearly much pollen will be 
lost to the wrong species of flower by such generalist 
visitors, but composite flowers commonly seem to 
work by flowering in great abundance in any one area, 
so that at least some conspecific pollen is received. As 
with white umbellifers, a case could be made for Mul¬ 
lerian mimicry rings such that visitors need only one 
search image at any one time; hence all the white and 
yellow daisies form one grouping, all the pure yellow 
dandelions, hawkbits, hawk’s-beards, and cats-ears 
form another, and perhaps all the purple/blue thistle 
types form a third, with these three groups recurring 
across habitats, and indeed across continents. 

Some of the many visitors to composite capitula 
may be unwelcome, especially those insects that lay 
their eggs in flower heads (chapter 24); a composite 
blossom provides a particularly good food store and 
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Figure 2.25 Ray and disc florets in Asteraceae: (A) 
the basic anatomy, and some of the special terminol 
ogy used; (B) an overhead view of a typical radiate 
version; (C) a single ray floret; (D) intact single disk 
floret; (E) single disk floret cut away to show 
arrangement of anther and filaments and style. 



protected environment for an insect larva to develop 
in. Many composites are indeed targeted by oviposit¬ 
ing female flies, beetles, and moths, leading to infesta¬ 
tions of eggs and then larvae that put all the seeds at 
risk. This may be one constraint on the success of the 
Asteraceae and on the size of capitula that they have 
produced (M. Proctor et al. 1996). 

Trap Flowers 

Trap flowers represent very specialized forms of flo¬ 
ral architecture. They are highly variable as a category 
and involved in particularly unusual kinds of pollina¬ 
tor interactions where a visitor is detained within a 
chamber of the flower for a more or less fixed period 
and only allowed out in a manner that ensures pollen 


pickup. They are therefore dealt with separately in 
chapter 23. 

7. Flower Size and Size Range 

As with shape, flower size can be considered either as 
a function of one flower or of an inflorescence or 
flower head. It is helpful to deal briefly with inflores¬ 
cences first, since evidently the formation of an inflo¬ 
rescence can be an important way of achieving an ef¬ 
fective large display size while retaining individually 
small flowers. Indeed, apparent size can be enhanced 
by what is effectively cheating—having showy periph¬ 
eral sterile flowers (plate 11D,E) around a core of 
functional fertile flowers, as in some Viburnum or Hy¬ 
drangea, or sterile ray flowers around fertile true 










50 • Chapter 2 


flowers in the aster and daisy family (plates 8F-H and 

9A,B). 

There are some obvious physical constraints on in¬ 
dividual flower size. Small annuals cannot support 
very large flowers, but trees and large shrubs can do 
so. Plants that can allow their flowers to lie on the 
ground, or to float on water, can also support much 
larger floral size. Note also that large flowers are more 
costly in terms of plant metabolites and water, and the 
balance of pollinator preference and plant constraint 
can often affect flower size differently in varying habi¬ 
tats (Galen 1999a). For example, rosemary flowers are 
smaller in the drought conditions of Spanish coasts but 
larger at higher elevations in moister mountain sites 
(J. Herrera 2005), though flower visitors at both sites 
prefer larger flowers. Insolation also affects flower size 
or overall floral display directly (e.g., S. Cunningham 
1997). 

Within the constraints of physical support and 
shape, flower sizes nevertheless come in an enormous 
range, and there may be four or five orders of magni¬ 
tude difference in flower size within quite small taxa. 
Barkman et al. (2008) found that rapid change in floral 
size was possible over evolutionary time, with the 
largest flowers often increasing in size the fastest (Raf¬ 
fle sia by about 20 cm in diameter every million years). 
But design may have to change markedly with size, so 
that closely related flowers of very different sizes may 
appear unexpectedly divergent. This issue of allome- 
try (how shape may change with size and scaling ef¬ 
fects) is well known in animals but has largely been 
ignored for flowers. J. Herrera (2009) reported almost 
isometric corolla size relationships in a restricted range 
of entomophilous Mediterranean species, though with 
a higher allocation to corolla tissue in bilateral forms 
compared with radial forms. Across a larger size range, 
mechanical stability does require different kinds of 
support in different size ranges, and the largest flowers 
therefore tend to have fused perianth organs to provide 
basal stability, whereas the free (unfused) upper parts 
are kept relatively short (less so if pendulous). Large 
petals may also be strengthened by ribs of thicker tis¬ 
sue to keep them spread open, a feature noticeable in 
the Convolvulus group, where larger versions of the 
flowers have distinctive radiating ribs (plate 3A). 

But exactly what we measure as flower size needs 
some consideration. Corolla diameter is the most com¬ 
monly assessed feature, and certainly it is most often 
what matters in terms of advertisement to an incoming 


visitor. But corolla diameter does not take into account 
contour or edge effects, which often have more effect 
on insects (chapter 5) and may not reflect the true area 
that is being responded to, especially if used compara¬ 
tively for different designs of flower. Here some kind 
of planar projection score is needed, but it is hard to 
use in field studies, and for tubular flowers with com¬ 
plex frontal views some composite of flower size tends 
to be used (e.g., width by breadth). Tube length is an¬ 
other aspect of size; it is rarely important for advertise¬ 
ment but is crucial in terms of access in relation to 
tongue length. A composite measure of flower mass, 
or total flower biomass, for a plant is another alterna¬ 
tive; it is easy to measure though not very clearly re¬ 
lated to either advertisement or access, especially 
where petals are thick and waxy. There is no single 
easy answer here, but corolla diameter and tube length 
remain the most commonly used measures. 

The smallest flowers are barely visible to the hu¬ 
man eye, reduced to a tiny group of sex organs with 
almost no display from petals or sepals (many of these 
being wind or water pollinated); the largest (species of 
Rajflesia, which are always found at ground level; 
plate 22G,H) may be very nearly a meter in diameter, 
while Amorphophallus blooms (plate 22E) can reach 
3 meters in height. Davis et al. (2008) in reviewing 
floral gigantism pointed out that it is most commonly 
associated with small beetle- and carrionfly-pollinated 
species. 

Clearly in these cases there is also some link with 
pollinator type or syndrome. A larger flower is essen¬ 
tial if a bird or bat is the main visitor since the flower 
must accommodate a big enough reward to pay the 
animal and must be strong enough to withstand its ac¬ 
tivities; although how large the corolla (or the corolla 
opening) must be will depend on whether the animal 
then inserts its whole head or just its tongue. Smaller 
flowers containing smaller rewards will potentially 
suit most invertebrate visitors, but the apparent flower 
or inflorescence size (the front-on display) may be in¬ 
fluenced by how far the main visitors are visual forag¬ 
ers. Relative to other plant parts, flower size might be 
more strongly constrained (by the need for a fit with 
particular pollinators), and it does indeed show lower 
variability within species than does leaf size, especially 
in zygomorphic species as compared with radial spe¬ 
cies (van Kleunen et al. 2008). 

The size of individual flowers is likely to be strong¬ 
ly interactive with the size of a plant and with how 
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many flowers are present at a time (again linked to 
strength and support issues); and these two factors to¬ 
gether determine the overall display. Flower size is 
therefore strongly tied in with flowering patterns and 
with aspects of visitor type and preferences, and it is 
discussed more specifically in chapter 21. 

8. Flower Sex and Flower Design 

Thus far we have mostly considered the design of sex¬ 
ually “typical” hermaphrodite flowers, those with both 
male and female parts. While these are the most com¬ 
mon form encountered, they pose some problems to 
pollination biologists looking for selective pressures 
on design, because selection through male function 
may operate in different directions from that through 
female function. For example, color and shape can 
have different consequences for each gamete type; se¬ 
lection through male function (pollen dispersal) may 
favor wide corollas, while female function (pollen re¬ 
ceipt) may be better served with narrower more 
restrictive corollas (D. Campbell 1989a,b), selecting 
for more specialist visitors. It is therefore often 
easier to investigate selection effects on floral features 
using species with unisexual flowers, and they have 
consequently received more than their fair share of 
attention. 


Single-Sex Flowers 

Many flowering plants have separate staminate (male) 
and pistillate (female) flowers. These may occur either 
on the same plant, giving a monoecious condition, or 
on completely separate plants, in which case the spe¬ 
cies is strictly dioecious (like most animals). Further 
details and terminology for plant sexual systems are 
considered in the next chapter; for now it can be noted 
that complexity arises because there are also plants 
with both male and hermaphrodite (androdioecious), 
or both female and hermaphrodite (gynodioecious), 
flowers. 

In some plant families unisexual flowers are the 
norm, and then the two types are usually structurally 
very distinct, showing sexual dimorphism (Delph 
1996; fig. 2.26). Classic examples are found in many 
temperate trees, such as the dioecious willows and the 
monoecious hazels, which have showy male catkins 


and very nondescript, small female flowers (chapter 
19). In other cases only a few members of a taxon are 
unisexual; this includes some familiar Silene and Po¬ 
tent ilia species, where the two sexes of flower are not 
very distinctively different, and there may be vestiges 
of the stamens in a female flower and of the pistils in a 
male flower. 

It has usually been reported that male flowers are 
routinely larger and showier than female flowers, an 
observation first noted explicitly by Darwin (1877) 
and one suggesting that selection has been driven 
more strongly by pollen dispersal rather than pollen 
receipt. This would be in accordance with Bateman’s 
principle that male success is usually limited by ac¬ 
cess to mates, and female success by access to resourc¬ 
es (Bateman 1948; G. Bell 1985). Traditional func¬ 
tional adaptive explanations for large males needed 
some revision after the findings of Plack (1957, 1958) 
with gynodioecious Glechoma plants, where remov¬ 
ing anthers from hermaphrodites resulted in decreased 
corolla size, fully emasculated (all anthers removed) 
flowers being similar in size to the naturally occurring 
female flowers, though they could be restored to their 
normal, larger size when treated with the hormone 
gibberellic acid. This result suggests a proximate 
cause for a correlation between pollen presence and 
larger flower size, with anther-derived hormones af¬ 
fecting corolla size. Hormonal effects on phenotype 
could of course still be adaptive; the link between an¬ 
ther number and corolla size may indicate some inbuilt 
constraint, but the strength of this link could itself be 
subject to selection (Stanton and Galloway 1990). 

G. Bell (1985) drew together data on 79 plant spe¬ 
cies and found that in 74 cases the female corollas 
were smaller and, in most cases, were also fewer in 
number. However a review by Delph (1996) covered 
552 monoecious and 367 dioecious species from a to¬ 
tal of 102 families and indicated that the “males are 
larger” view is substantially oversimplified, sexual di¬ 
morphism being in reality much more variable. Using 
a simple form of comparative analysis to correct for 
phylogenetic effects, she found size dimorphism in 
85% of the cases, but only slightly more male-larger- 
than-female situations than the reverse, and with no 
differences between animal- and wind-pollinated spe¬ 
cies (fig. 2.27). Once habitat was factored in, though, 
it became clear that males were larger than females 
more often in temperate flowers (fig. 2.27B), with no 
such effect in tropical species. Bawa and Opler (1975) 
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Figure 2.26 Unisexual flowers or flower stages: (A) 
structures of unisexual flowers, with separate pistillate 
or staminate versions, or with showy outer sterile 
flowers and inner male flowers in Hydrangea; (B) 
effectively unisexual stages in protandrous flowers of 
(1) Echium, in which the anther heads are lost and 
the style elongates in the later female phase and (2) 
Clerodendrum, in which the anthers droop down and 
the style elongates and becomes erect to give the fe¬ 
male phase. (Clerodendrum redrawn from Endress 
1994.) 


had suggested that in tropical trees, large female flow¬ 
ers were favored because the larger petals were needed 
to enclose and protect the relatively larger ovaries and/ 
or nectaries. This has not been explicitly tested, and 
other explanations may be found. For example, it 
might be that larger ovaries are expensive to produce, 
which might select for fewer flowers and then require 
those few flowers to be more attractive (Delph 1996); 
this would also fit with observations about the anoma¬ 
lous temperate Silene latifolia, which has about 15 
times as many small male flowers as large females, 
with a size-to-number trade-off (Meagher 1992). An¬ 
other possibility is that there is a male-female reward 
skew in tropical species, making females more unre¬ 


warding and thereby selected for greater attractive¬ 
ness; this might fit with the observation that about one- 
third of tropical species have unrewarding female 
flowers, which are pollinated by deceit (Renner and 
Fed 1993). 

For gynodioecious species, where both hermaphro¬ 
dite and female flowers exist on one plant, Delph 
(1996) found that in 98% of cases the hermaphrodite 
flowers were larger, and pollinators generally showed 
a preference for the hermaphrodite flowers (e.g., Eck- 
hart 1991, and Delph and Lively 1992). Again, though, 
other differences also exist, including higher nectar re¬ 
wards in the hermaphrodite flowers; and compensatory 
factors may occur in the female flowers, which often 
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persist longer on the plant (e.g., Ashman and Stanton 
1991, with Sidalcea), or are more accessible (e.g., At- 
satt and Rundel 1982, with a hummingbird-pollinated 
Fuchsia). 

With both monoecism and dioecism, it is clear that 
flowers of the two sexes may differ either in resources 
or in morphology or both, so they may attract either 
different pollinators or the same ones at different rates. 
Overall, female flowers may be visited at lower fre¬ 
quencies than males, because females must be nectar- 
only (or have no reward), whereas males may have 
both nectar and pollen and be more attractive to visi¬ 
tors; but this will be confounded because some visitors 
only collect nectar and may not discriminate. 

Floral Design in Selfing Flowers 

For most plants, selfing happens accidentally when 
self-pollen falls or is knocked onto the stigma in the 
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often green or greenish yellow, very small with no real 
perianth, and thus cryptic. The crucial design features 
include large exposed anthers that release copious pol¬ 
len, and stigmas (maturing at a different time, usually 
later) that also are large and protruding, often feathery, 
and frequently very sticky with a visible glistening 
exudate on the surface. 

2. For flowers that exploit a range of fairly general¬ 
ist animal visitors, disk and bowl designs are common, 
as are inflorescences made up of many small open 
flowers, in either case with rather exposed nectaries 
and abundant pollen freely accessible on numerous an¬ 
thers. Visitors scrabble over the surface of the flower 
or inflorescence, and the result is often described as 
mess pollination. 

3. Flowers that use more specialized animal polli¬ 
nation, with most of their pollen transfer effected by 
just one kind of visitor (and we will meet much debate 
in later chapters as to how common this is!), tend to 
recruit animals that show high floral constancy. Here 
the shape and size of the flower can be matched to visi¬ 
tor shape and behavior, so that an incoming animal fits 
the flower and has appropriate “sticky” (often furry, 
feathery, or scaly) surfaces in the right place to receive 
pollen from the anthers and to then deposit it reliably 
on the stigma of the next flower visited. Nevertheless, 
the range of possible designs covers the entire spec¬ 
trum described in Particular Floral Shapes. Tubular 
corollas with basal nectaries are particularly common, 
because the length and width of the tube can be 
matched to visitor size or mouthpart length or both. 
But some radial, cup-shaped flowers are also fairly 


narrow in the range of visitors they receive; for exam¬ 
ple, hellebores, where the corolla cup may contain 
somewhat tubular nectaries, or passionflowers, which 
look “open” but often have nectaries protected by lids 
that only forceful visitors can breach. 

4. Even more specialized flowers have complex de¬ 
signs that exclude all but a tiny range of visitors; often 
these have morphologies that control the animal’s 
movement through a flower and may even control the 
timing of its activities within a flower. Traps, light 
windows, and glue-dispensing tissues are parts of the 
flowers’ armory in achieving these controls; in later 
chapters we will meet examples in the flies that visit 
arums, bees that visit Dutchman’s pipes, and eugloss- 
ine bees that visit bucket orchids. 

It is worth closing this chapter on floral morpholo¬ 
gy with some consideration of the constraints that may 
operate. There is a considerable literature (reviewed 
by Conner 2006) on the extent to which floral traits are 
genetically correlated or are correlated with other 
adaptive traits in the plant, and thus are not free to di¬ 
verge to an “ideal” phenotype; Conner concludes that 
traits can evolve under selection with surprising inde¬ 
pendence even though constrained by genetic correla¬ 
tion. There is also increasing recognition that floral 
traits must balance the conflicting needs of attracting 
pollinators and avoiding attracting extra florivores or 
herbivores (Irwin et al. 2004; and chapters 20-24), 
while also being affected by abiotic factors, so that 
flower features are often strongly constrained by mul¬ 
tiple interacting selective forces. Hence floral mor¬ 
phologies need to be viewed in a more holistic frame¬ 
work than was customary in earlier studies. 


Chapter 3 

POLLINATION, MATING, AND 
REPRODUCTION IN PLANTS 


Outline 

1. Plant Fertilization 

2. Plant Sex and Plant Mating Systems 

3. The Benefits of Crossing and Selfing in Plants 

4. Methods for Avoiding Selfing within a Flower 

5. Methods for Avoiding Selfing between Flow¬ 
ers within a Plant 

6. Methods for Ensuring Selfing 


Reproduction in plants, as in most organisms, can be 
either sexual or asexual, but the generation of new 
variants (which is the underlying necessity for adapta¬ 
tion to new or changing conditions and for evolution¬ 
ary change) requires that at some point in the life cycle 
sexual reproduction occurs. Diploid cells must under¬ 
go meiotic division to produce haploid cells (gametes) 
with half the normal chromosome number, and a 
gamete from one individual must then interact with 
another gamete (preferably but not necessarily from 
another individual) to effect fertilization and so rein¬ 
state the diploid state, resulting in an embryo that 
grows into the mature individual. 

For plants, which are not in themselves motile, the 
essential problem is that of moving immotile male 
gametes to an equally immotile female gamete; this is 
the process of pollination, with the essential end result 
of fertilization and then seed production. Ephemeral 
and annual plants must be pollinated each year if they 
are to adapt and survive. In contrast, some trees and 
shrubs live for decades, or even centuries, and may 


only flower very occasionally, while others spread as 
vegetative clones over large areas and very long peri¬ 
ods; in these cases pollination is just an occasional and 
seemingly tiny part of the life cycle, but even so, it 
must at some point occur if new sites are to be colo¬ 
nized before the adult plant eventually dies. Pollina¬ 
tion is therefore a crucial feature, on some timescale, 
of all flowering plants. 

As described in the previous chapter, in angio- 
sperms the pollen grain is the male gamete, the equiv¬ 
alent of a spore in simpler plants. The ovule (egg) 
contains the female gamete. Pollination is the process 
whereby pollen grains from one flower get to the stig- 
matic surface of another flower, so that a pollen tube 
can germinate, grow, and penetrate the ovary, deliver¬ 
ing a male gamete that effects fertilization and so gives 
rise to a zygote (the diploid embryonic seed). If the 
pollen lands within the same flower that produced it, 
or on a different flower from the same plant, then self- 
pollination occurs and self-fertilization (or autoga¬ 
my) ensues; only if the pollen is transported to a flow¬ 
er on an entirely separate (genetically distinct) plant 
do we see cross-pollination and cross-fertilization (or 
allogamy, also known as xenogamy ), potentially fol¬ 
lowed by the full benefits of sexual reproduction, 
with viable and variable seeds. Cross-fertilization 
requires that the pollen comes from another individu¬ 
al, but of course from the same species (i.e., is con- 
specific rather than heterospecific). To achieve this, 
the plant needs to employ some mobile agent, either 
a moving abiotic agent (wind or water currents) or a 
mobile animal. Animals have the advantage of direct¬ 
ed movement, sometimes to the extent of consider¬ 
able fidelity to a particular plant species, so that 
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wasteful heterospecific pollen transport onto stigmas 
may be much reduced. 

Pollination biology is often seen as largely con¬ 
cerned with how plants ensure that conspecific cross¬ 
fertilization, rather than selling, occurs. However it is 
important to remember two other points. First, suc¬ 
cessful cross-fertilization is often mainly due to a 
plant’s self-incompatibility to its own pollen rather 
than to pollination specialization, so that post-pollina¬ 
tion events alter the apparent mating patterns resulting 
from pollen transfer. Second, selling can serve as a 
very useful strategy for many plants and especially as 
a fail-safe when crossing has failed or has become im¬ 
possible at particular times or in difficult environ¬ 
ments. Thus there is a whole range of strategies in 
plants, from a complete barrier to selfing in some spe¬ 
cies to an almost inevitable self-fertilization in flowers 
that dehisce pollen onto their own receptive stigmas 
even before the flower bud opens. 

1. Plant Fertilization 

Pollen is the plant’s male gametophyte, and within a 
pollen grain there are two haploid nuclei, one vegeta¬ 
tive and one generative, the latter acting as the male 
gamete. The ovule is the small female gametophyte, 
primitively made up of eight cells, one of which acts as 
the haploid female gamete. Pollination requires that 
pollen grains land on the stigmatic surface, which con¬ 
nects via the style to the basal ovary. Most of this book 
is concerned only with pollination itself, the process of 
getting the right pollen to the stigma. The events that 
follow, leading to fertilization, are reviewed here only 
briefly (while recognizing that post-pollination events 
are often a major key to plant reproduction). 

Pollen interactions with the stigma and style are 
the crucial intermediaries between pollination and fer¬ 
tilization and were reviewed by Lord and Russell 
(2002). After a pollen tube lands on a conspecific stig¬ 
ma with which it is compatible, it will take up water 
from the surface (the hydration stage) and then germi¬ 
nate. Germination results in the emergence of a pollen 
tube from one of the pores on the pollen grain (occa¬ 
sionally, in just a few plant families, more than one 
tube emerges, and all but one then serve solely in an¬ 
chorage). The pollen tube penetrates and grows down 
into the style, and the vegetative nucleus of the pollen 
grain passes into the tube, followed by two gametes 


formed by the splitting of the generative nucleus just 
before, or just after, the grain germinates. 

The tube elongates until its tip penetrates the ovary 
at its apical micropyle (chapter 2); the vegetative nu¬ 
cleus then disintegrates, but the two male gametes are 
delivered, one of which effects fertilization to give a 
diploid zygote, which can then develop into the em¬ 
bryonic form of the future seed. The other gamete 
fuses with a diploid nucleus within the ovary, and the 
resulting cell divides repeatedly to form the (triploid) 
endosperm tissue, which provides the nutrition for the 
developing embryo (often a substantial food resource, 
as in many cereal and legume seeds). This double fer¬ 
tilization system, where two male gametes fuse with 
two different nuclei in the female, is typical of angio- 
sperms but rare in other plant groups. 

The control of germination is complex and largely 
determined by compatibility effects, which are dis¬ 
cussed in the section Genetic Separation by Self- 
Incompatibility, below. 

2. Plant Sex and Plant Mating Systems 

Sexual Systems 

The great majority of modern plants are bisexual or 
hermaphroditic, that is, they have stamens (with pol¬ 
len) and carpels (with ovules) all present in the same 
flower; this is the condition in at least 80% of all an- 
giosperms, and the benefits in terms of single-visit 
pollination effectiveness are obvious. But in the re¬ 
maining 15%-20%, a great range of other unisexual or 
polygamous conditions are found, with about 6% of 
angiosperms (Renner and Ricklefs 1995) having two 
quite separate sexes (dioecy—the familiar condition 
seen in most animals) and a further 10%-15% having 
a range of more “mixed” strategies. Table 3.1 summa¬ 
rizes the possibilities, with the many variations on mo- 
noecy and dioecy, and gives some examples. In dioe¬ 
cious species the male plants tend to start flowering 
earlier, whereas in monoecious species it is common 
for female flowers to open before male flowers (Ste¬ 
phenson and Bertin 1983). The advantages of dioecy 
include easier avoidance of inbreeding and higher 
fruit set compared with monoecious or hermaphrodite 
plants. The disadvantages are that the animal visitors 
need to move between individuals of both sexes, so 
the plants become even more sensitive to changing 


Table 3.1 

Patterns of Sexuality in Flowers and Plants 


Sexual type 


Flower types present on any one plant* 

Male-only Female-only 

(stamlnate) (pistillate) Hermaphrodite 

Examples 

Bisexual flowers (hermaphrodite) 


- 

- 

+ 

80% of all angiosperms 

Unisexual flowers 


+ 

+ 

- 

Many trees (Fagaceae, Betulaceae); 

Monoecious 





Cucurbita ; Euphorbia 


Cynomonoecious 

- 

+ 

+ 

Some Asteraceae (female ray 






and bisexual disc florets) 


Andromonoecious 

+ 

- 

+ 

Many Apiaceae (umbellifers); 






some Asteraceae; Solanum 

Dioecious 


+ 

- 

+ 

Many Salicaceae; Urtica; Ilex ; 



- 

+ 

- 

some Silene 


Cynodioecious 

- 

+ 

- 

Many Lamiaceae; Plantago, some 



- 

- 

+ 

Saxifraga 


Androdioecious 

+ 

- 

+ 

Rare: Phillyrea, Datisca 

Polygamous 






Polygamomonoecious 


+ 

+ 

+ 

Rare: Cocos nucifera (coconut palm) 

(on same plant) 






Polygamodioecious 


+ 

+ 

+ 

Rare: Sanguisorba (salad burnet) 

(on separate plants) 







*Some plants also have a proportion of a fourth category of sterile flowers, usually at the edges of inflorescences, adding to the floral display but contributing 
little to resource costs: some Asteraceae, also Viburnum, Hydrangea. (See Pseudoflowers in chapter 23.) 







58 • Chapter 3 


pollinator abundance, and pollinator and/or pollen 
limitation may be common (see below). 

These variations inevitably have marked effects on 
pollination systems when compared with the norm of 
hermaphrodite flowers, and dioecy and its variants are 
more common in abiotically pollinated plants and (per¬ 
haps more surprisingly) in climbing plants (Renner and 
Ricklefs 1995; J. Thomson and Brunet 1990). Further¬ 
more, selection for type of mating system in a given 
plant species can be brought about by pollinator activ¬ 
ity but may also be influenced by the activities of other 
biotic agents; for example, herbivores often damage 
male or hermaphrodite plants more than female plants 
(Agren et al. 1999; Asikainen and Mutikainen 2005). 

Some plants can change sex, and doing so may de¬ 
pend not only on their genetic makeup but also on en¬ 
vironment, including factors such as day length, water 
availability, soil nutrient levels, and plant growth sub¬ 
stances (Meagher 1988). It is therefore not uncommon 
for a normally male plant to produce a few female 
flowers, or vice versa. The perennial jack-in-the-pul- 
pit, Arisaema triphyllum, can change sex as it grows, 
from male to female, but it can reverse this change if 
the plant becomes smaller again (Bierzychudek 1982). 
Recent evidence indicates that sex expression is pri¬ 
marily controlled by a small group of genes (MADS) 
that clearly diversified within plant taxa well before 
the origin of the angiosperms (Lawton-Rauh et al. 
2000; Glover 2007). Flowering plants thus inherited 
an ability to switch sexual systems rather readily, 
which probably facilitated the evolution of diverse 
selfing and crossing strategies for multiplication. Sex 
expression in plants is clearly highly plastic, a fact that 
can be useful in greenhouse crop husbandry to control 
the reproductive system, but one that requires pollina¬ 
tion biologists to keep a careful eye on sexual behavior 
of their study plants. 

It should be noted that many plants also have asex¬ 
ual reproductive options, varying from simple vegeta¬ 
tive spread (e.g., using rhizomes or runners or bud¬ 
ding from bulbs) to the production of bulbils (new 
viviparous plantlets produced in place of an inflores¬ 
cence, as in some Allium, Lilium, and Saxifraga ) to 
agamospermy or apomixis (producing seeds without 
fertilization, as can occur in Ranunculus, Citrus, and 
some Rosaceae and Asteraceae). Such systems are not 
especially relevant to pollination biology, though they 
may provide an alternative where pollination is limited 
by weather or by low pollinator availability. 


Because most flowers are hermaphrodites, they 
carry out both the male and the female roles, and so 
contribute the plant’s genes to the next generation in 
two different ways. These two different roles have 
rather different costs and are subject to different selec¬ 
tion pressures. The male function is usually cheaper, 
involving spreading the pollen successfully to as many 
other conspecifics as possible; the costs are those of 
attractants for pollinators and of making the pollen. 
The female function, proceeding through the setting, 
growth, maturation, and then dispersal of seed, is usu¬ 
ally considerably more expensive in terms of both en¬ 
ergy investment and time; and where separate sex 
flowers occur, the females are often smaller and fewer, 
as discussed above, perhaps reflecting this greater ex¬ 
pense (G. Allen and Antos 1993). But these issues are 
rarely that simple; all studies to date that have mea¬ 
sured selective forces for both male and female fitness 
have found them to have separate and often contrast¬ 
ing effects on flowers and often to vary substantially 
between sites and between years (Conner 2006). 

Plant Mating Systems 

Plants tend to employ animal vectors to move their 
pollen around and can exploit the animals’ behavioral 
flexibility by their use of advertising signals and re¬ 
wards to improve an individual plant’s own mating 
system. Animals tend to move both within and among 
neighboring plants, and their efficiency of pollen car¬ 
riage varies markedly, so that most plants end up with 
a “mixed” mating strategy at the point of being polli¬ 
nated (Harder and Barrett 1996; Goodwillie et al. 
2005), with some uniparental or biparental inbreeding. 
In self-incompatible plants this can then be “improved” 
to become a system dominated by outcrossing, al¬ 
though this should not be viewed as a common end¬ 
point; Vogler and Kalisz (2001) reviewed available 
data to show that most plants achieve a mixture of self¬ 
ing and outcrossing, with 49% of all animal-pollinated 
species lying between 20% and 80% outcrossing. 

To some extent, plants can control their own mating 
opportunities by the way they manipulate their visi¬ 
tors, and in this sense can indulge in mate choice, just 
as many animals do. Attracting a larger number of 
each of a range of pollinators is one option and is 
mainly determined by the advertising traits and the re¬ 
wards offered. Restricting pollen removal at any one 
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visit can have similar effects and is determined by an¬ 
other set of floral traits: anther positioning, the mecha¬ 
nisms and timing of dehiscence, and again the patterns 
of reward offering, which affect visitor behavior and 
visit length. Pollen acceptance in the maternal plant 
also exerts an influence, varying according to the dura¬ 
tion and area of stigma receptivity and of stigma-visi¬ 
tor contact. Hence the relation between visitation, pol¬ 
lination, and resultant fertilization is rarely as simple 
as may at first appear. Many of these issues are ad¬ 
dressed more fully in later chapters. 

Female Functions in Flowers 

The female function and female success of plants have 
traditionally been much easier to measure, most sim¬ 
ply by counting (and often weighing) the seeds on the 
parent plant; this led in the early literature to an over¬ 
emphasis on female success as a measure of pollina¬ 
tion success. In many studies, assessments of the im¬ 
portant of pollination and pollinators concentrated on 
how or whether pollen receipt was limiting to fruit or 
seed set. Even there, it is easy to oversimplify: one 
confounding variable is the widespread abortion and 
shedding of “surplus” seeds on many plants where 
space or nutrients are limiting, since in trees and shrubs 
with big floral displays it can be impossible for the 
parent to support all the fruits that result, with as many 
as 90% aborted in some years (e.g., Banksia, Vaugh- 
ton 1991). Hence even groups with characteristically 
low seed set, such as the asclepiads (Wyatt and Broyles 
1994), can be successful and even invasive. In many 
herbaceous plants, though, there is good evidence that 
additional experimental hand-pollination of flowers 
does lead to higher fruit set than in open-pollinated 
plants, implying that pollination is often limiting on fe¬ 
male function. A review by Burd (1994) estimated that 
of 258 species, at least 62% had their seed set limited 
by pollination at some stage. Again though, caution is 
needed: it is crucial to ensure that resources are not the 
real constraint across both time and space, because 
some plants may have low seed set one year as a result 
of high seed set in previous years (J. Zimmerman and 
Aide 1989; Primack and Hall 1990), and some can di¬ 
vert resources from other parts of the plant into seed 
set under certain conditions. These issues were taken 
into account in models generated by Calvo and Horvitz 
(1990), and they also concluded that pollination would 


be limiting for many species. Nevertheless, seed set in 
one or a few seasons is only part of the story; seed 
dispersal, germination, and establishment are at least 
as important, and many plants suffer high mortality 
rates at all these stages. Thus, in an ideal world all are 
agreed that it is the female lifetime reproductive suc¬ 
cess of the whole plant that really needs to be mea¬ 
sured, and this is often exceedingly difficult. 

Male Functions in Flowers: 
Implications for Gene Flow 

Male function depends on dispatching pollen into the 
world, and most of the attractive and rewarding fea¬ 
tures of flowers are selected to enhance the male role 
as a pollen donor (Stanton et al. 1986). However male 
function and male fitness are rather hard to assess, re¬ 
quiring estimates of pollen movement through a floral 
community. Except with the large and easily tracked 
pollinia of orchids or asclepiads, this was difficult to 
measure in the past with any certainty (Snow and Lew¬ 
is 1993; Klinkhamer et al. 1994), until the advent of 
automated particle counters that could handle normal 
pollen grains. Pollen dispersal and gene flow are not 
the same thing, of course (D. Campbell 1991). Disper¬ 
sal measured as a visitor’s flight distance between 
plants ignores pollen carryover between successive 
plants and pollen competition within styles after ar¬ 
rival in a flower; all are key aspects of male success. 
Looked at another way, pollen produced in and dis¬ 
pensed from a flower can have a range of possible fates 
(fig. 3.1). Some may never be removed from the flower 
(though potentially the remaining pollen could be in¬ 
volved in autonomous or facilitated selfing, which will 
be discussed in The Benefits of Crossing and Selfing in 
Plants), some may be lost to wind or rain, and some 
may be eaten at the flower. Thus only a small propor¬ 
tion may be “properly” exported from the flower and 
dispersed. S. Johnson et al. (2005) measured these 
components for Disa orchids (fig. 3.2) and found that 
only 3% of the pollen was properly exported. Even 
then some may be lost during transport (dislodged by 
the airstream or by pollinator movements, including 
specific grooming), and if carried on a bee, much may 
end up as food in a larval cell. Harder (2000) found 
that only 1% of typical pollens reached conspecific 
stigmas, the result of high removal and transport loss¬ 
es; in fact it is a rather common finding for many plants 
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Figure 3.1 The possible range of self- and 
cross-pollen grain fates from fertilization to 
seedling establishment. (Modified from Harder 
and Routley 2006.) 



Figure 3.2 Analysis of pollen fate in Disa 
cooperi orchids; only about 3% of pollen is 
exported, and 1% achieves facilitated self- 
pollination. (Modified from data in S 
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that less than 1% of a plant’s pollen ever reaches a 
stigma (D. Levin and Berube 1972; Galen and Stanton 
1989; Harder and Thomson 1989; Wolfe and Barrett 
1989; H. Young and Stanton 1990a). And quite high 
proportions of pollen grains that are effectively dis¬ 
persed to another conspecific flower may still be lost 
(in an evolutionary sense) in various other ways at a 
post-pollination stage. 

Measuring Pollen Dispersal 

Pollen dispersal can be seen as a composite of three 
components: 

1. Distances travelled between plants by visitors 

2. Directions traveled 

3. Pollen carryover from one flower to another on the 
visitor’s body (Lertzman and Gass 1983) 

Each of these has often been studied separately, but 
they have rarely been analyzed together in a given sys¬ 
tem. Most of the emphasis until recently was on com¬ 
parative assessments of the amounts and diversity of 
pollen carried on animal bodies, coupled with esti¬ 
mates of the animals’ movements within and between 
flowers. But there are a great many variables that can 
complicate such estimates of animal behaviors, many 
of which will be discussed in later chapters (especially 
chapters 21 and 22). Furthermore, direct measurement 
of pollen dispersal or flow has been rather difficult, 
relying on techniques that are known to be oversim- 
plistic. In particular, flowers were often emasculated 
to ensure that self-pollen did not interfere with esti¬ 
mates of incoming pollen, but it is known that emascu¬ 
lation can itself alter visitor behavior and pollen dis¬ 
persal (M. Price and Waser 1982; J. Thomson 1986; 
Morris et al. 1994). In practice such studies have rarely 
extended to the analysis of real pollination effective¬ 
ness of a given visitor or real pollen flow for a given 
plant. However, there are a few laudable exceptions, 
such as J. Thomson’s work (1986) on Erythronium, 
where pollen deposition on successive stigmas was di¬ 
rectly measured and shown to vary positively with 
bumblebee size, with bee visit duration, and with nec¬ 
tar volume but to vary negatively with bee grooming. 
(Much more on the definition and measurement of 
pollination effectiveness can be found in chapters 11 
and 20.) 

A common alternative for analysis of pollen disper¬ 
sal has been the use of artificially applied powders as 
pollen mimics, which can be placed on the anthers of 


known flowers and then seen when deposited in other 
flowers. Fluorescent dye powders were traditionally 
favored because they showed up clearly when the 
flowers were lit with an ultraviolet (UV) source (e.g., 
Waser and Price 1982, 1984; Hessing 1988; Morris et 
al. 1994). There are reasonable or even very good cor¬ 
relations between dye and pollen movements in some 
studies, especially where passive pollen collection is 
involved (D. Campbell et al. 1991; Fenster et al. 1996; 
Rademaker et al. 1997; Adler and Irwin 2006). How¬ 
ever, such powders sometimes do not really behave 
like pollen (e.g., Waser 1988), as shown in figure 3.3A, 
and for bee-pollinated plants they may be more or less 
like pollen depending on which bee is doing the col¬ 
lecting (fig. 3.3B). 

Attempts to measure pollen flow have also been 
made using genetic markers that leave a visible cue: 
Griffiths (1950) used rye grass where the pollen- 
donating parent had distinctive red shoot bases and 
showed pollen movement of up to 30 m (by wind pol¬ 
lination in this case). 

A different approach has been the mathematical 
modeling of pollen movement, which relies on the 
kind of estimates of pollen carriage on animals and 
animal movements mentioned above. Lertzman and 
Gass (1983) specifically drew attention to the defi¬ 
ciencies of early models; in particular, these were 
flawed by assumptions that all or nearly all pollen was 
deposited on the next flower visited (i.e., with no car¬ 
ryover), therefore greatly underestimating pollen flow. 
Lertzman and Gass pointed out that work with both 
hummingbirds and bumblebees (e.g., J. Thomson and 
Plowright 1980) had indicated pollen carryover occur¬ 
ring both significantly further and much more variably. 
Thus models explicitly incorporating measurements of 
pollen carryover between successive flowers (dis¬ 
cussed further below) were advocated. A simple model 
is shown in figure 3.4A. Harder and Barrett (1996) im¬ 
proved matters further with a model that took account 
of post-flower-visit behaviors, especially 

1. grooming by bees and flies, 

2. proboscis coiling by lepidopterans which can dis¬ 
lodge pollen, and 

3. older pollen burial beneath newer deposits on 
larger vertebrate visitors. 

Hence in this model the pollen on the body was ef¬ 
fectively seen as being in two compartments, one por¬ 
tion exposed and one portion (after grooming, etc.) 
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Figure 3.3 Evidence that pollen does not necessarily 
behave in the same manner as dyes applied to flowers: 
(A) in terms of movements to successive flowers of 
Delphinium nelsonii, by bees and birds, with pollen in 
solid symbols and dye as open symbols (modified from 
data in Waser 1988); (B) in terms of different genera of 
visiting bees with pollen above and dye below (SEs also 
shown, and with values of n in parentheses (modified 
from Adler and Irwin 2006). 


that was in a “safe” site, now being unavailable for 
deposition on a stigma (fig. 3.4B). The pollen that ac¬ 
cumulated in layers could also be modeled as in figure 
3.4C (Harder and Wilson 1998). Hoyle and Cresswell 
(2006) pointed out that there was also scope for some 
secondary pollen dispersal, where grains were depos¬ 
ited in one flower (on the stigma or even on the petals) 
and were then picked up and moved on again by a sub¬ 
sequent visitor; although in practice they found this 
effect to be very small, at least in Brassica species. 

With the advent of improved molecular techniques 


that provide genetic markers, there are options now for 
detailed genetic analysis of pollen origin, of paternity 
analysis for plants, and of source variation in the pol¬ 
len loads on animals, allowing real estimations of 
pollen flow and thus male-function gene flow. Our un¬ 
derstanding has been particularly enhanced by genetic 
paternity analysis with more discriminating tools such 
as amplified fragment length polymorphism (AFLP) 
and microsatellites (Adams et al. 1992; Austerlitz et al. 
2004; Burczyk et al. 2006), and more recently still, by 
analytical tools such as TwoGener and developments 








































Pollination, Mating, and Reproduction • 63 


A Single compartment model 



B Two-compartment model for grooming pollinators 



C Model where pollen accumulates in layers on pollinator 


Figure 3.4 Models for pollen transport: 

(A) simple passive transport; (B) two- 
compartment model, in which some pollen 
acquired is transferred to a safe site and un¬ 
available for deposition on flowers; (C) model 
with pollen accumulating in layers on a visit¬ 
ing animal's body. (Modified from Harder and 
Barrett 1996; and Harder and Wilson 1998.) 
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thereof (Robledo-Arnuncio et al. 2006). These kinds 
of study have also stressed the importance not merely 
of citing mean pollen flow measures but also of con¬ 
sidering real and effective pollen flow, because it may 
only take one pollen grain going a much greater-than- 
usual distance to sire an offspring. To give some per¬ 
spective, Ellstrand and Marshall (1985) measured pa¬ 
ternity in radish seeds and found that pollen flow 
measured genetically was more than twice as great as 
that estimated from pollinator foraging or from fluo¬ 
rescent dyes. But Ellstrand (1992) and his various col¬ 
laborators further showed that while most pollen might 
move only very locally, some pollen could travel be¬ 
tween populations more than 150 m apart via insect 
vectors (Marshall and Ellstrand 1988; Devlin and 
Ellstrand 1990) and up to 5 km when bird pollinators 
were involved (e.g., Byrne et al. 2007). Krauss (2000) 
pointed out the implications for conservation strate¬ 
gies of these new inputs toward understanding mating 
patterns and paternity. 

Cresswell (2005, 2006; Cresswell and Hoyle 2006) 
modeled the problem, reviewed the available data, and 
concluded that gene dispersal via pollen shows a lep- 
tokurtic decay from a point source, though the scale of 
this may be meters or kilometers (fig. 3.5), a finding 
that endorsed those reported in previous reviews (e.g., 
Morris et al. 1995). The number of flowers in the plant 
population also affects the outcome, with a less sharp 
decay pattern as flower number increases, so that (as 
expected) pollen from external populations has much 
less chance of siring offspring in larger flower patches. 
And superimposed on these patterns is the inevitable 
variability in male success, with certain individuals 
flowering far more of the progeny than others (fig. 
3.5C). 

Most studies have also found higher levels of mul¬ 
tiple paternity than might have been expected. For 
example, D. Campbell (1998) recorded a 68-100% 
occurrence of multiple siring in Ipomopsis seeds, with 
4-9 sires per seed, which is well matched with 
observed hummingbird movement patterns. Mitchell 
et al. (2005) found that 95% of Mimulus fruits in their 
experimental arrays had multiple sires, and the mean 
value per fruit was 4.6, in this case probably resulting 
from multiple probes to flowers by bumblebees, each 
delivering pollen from 1 to 3 fathers. Michaelson- 
Yeates et al. (1997) compared the effect of Apis and 
Bombus visits on paternity for clover ( Trifolium 
repens ), finding the numbers of fathers per pod to be 


1, 2 or 3-4 for 0%, 50%, and 25%, respectively, after 
Apis visits, and 10%, 30%, and 50% after Bombus 
visits. 

More recently still, Matsuki et al. (2008) used di¬ 
rect measures of pollen grain genetics with Magnolia 
obovata and were able to show that much of the pollen 
on bees and on small beetles was self-pollen, whereas 
that on flower beetles (subfamily Cetoniinae) was 
largely cross-pollen, making the latter probably far 
more efficient as outcrossing pollinators (although 
these authors did not take the further step of assessing 
pollen actually deposited on stigmas). These tech¬ 
niques also open up new possibilities for measuring 
the pollination effectiveness of different visitors (chap¬ 
ters 11 and 20). 

Note, though, that molecular genetic tests may un¬ 
derestimate self-pollination, because self-pollen may 
germinate slower, tubes may grow slower, or selfed 
embryos may abort; established sirings of eventual 
seeds may therefore show less selling than the level of 
self-pollen deposited. Conversely, if self- and cross¬ 
pollen behave (germinate, grow, and fertilize) similar¬ 
ly within a species, there may be a confounding factor 
of timing, since self-pollen may be deposited from 
early within-plant visits when anthers are freshly de¬ 
hisced, giving a higher proportion of selfed seeds, 
compared with later between-plant visits, when an¬ 
thers are relatively depleted. 

Measuring Pollen Carryover 

Analysis of pollen carryover was discussed briefly 
above, and Lertzman and Gass (1983) gave four differ¬ 
ent models incorporating ever more of the expected 
variables (e.g., pollen amount on anther, stigma capac¬ 
ity, pollen pick-up patterns and amounts, pollen depo¬ 
sition patterns and amounts, and pollen layering on the 
animal’s body). Most commonly, carryover has been 
estimated in the field using one “source” flower, with 
all others in the vicinity emasculated. Waser (1988) 
tried this with Delphinium at sites in the Rockies and 
found the expected decrease in pollen carryover to 
successive flowers visited, but also found variation 
with visitor. Thus for bumblebees, pollen was still de¬ 
tectable on the 20th flower, and for hummingbirds on 
the 35th, as shown in figure 3.3A. Robertson (1992) 
collated data from several studies and found pollen 
carryover values (pollen carriage beyond the first flow¬ 
er visited) between 50% and 99%, his own work on 
Myosotis giving a value of 90% and significant pollen 
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Figure 3.5 Gene dispersal measured using genetic 
markers and their occurrence in seed set at different 
distances from the source, showing a leptokurtic 
distribution: (A) jute plants; (B) rape plants; 

(C) circle diameters represent numbers of progeny 
attributable to individual males of Chamaelirium, 
showing high variability of paternal gene flow. 

(Parts (A) and (B) modified from data in Damgaard 
and Kjellsson 2005; part (C) modified from 
Meagher 1991.) 



deposited (by a tachinid fly) on at least 13 further 
flowers. 

Direct observation of natural pollen carryover, as 
distinct from models or tests with manipulated emascu¬ 
lated flowers, is rarely achieved because it is inherently 
difficult. It can normally only be done straightforward¬ 
ly using heteromorphic flowers, where some charac¬ 


teristic of the pollen differs between the flower morphs. 
Mixtures of pollen grains can then be counted on stig¬ 
mas, and the decay curve for outcrossed pollen can be 
constructed for visits to previously unvisited flowers. 
An example with a hummingbird-visited distylous 
plant is shown in figure 3.6A (Feinsinger and Busby 
1987), showing the general decline after the first visit 
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Figure 3.6 Estimates of pollen carryover: (A) with 
distylous Palicourea visited by hummingbirds 
(modified from Feinsinger and Busby 1987); 

(B) with tristylous Pontederia visited by bees, 
showing effects for long-, medium-, and short- 
styled flowers separately (modified from Wolfe and 
Barrett 1989). Note that figure 3.3A gives an exam¬ 
ple for normal (homostylous) Delphinium plants. 


made; and figure 3.6B shows the more gradual decline 
in a bumblebee-visited tristylous plant (Wolfe and 
Barrett 1989). Such tests sometimes involve pollen 
color polymorphism, as in Erythronium grandiflorum 
(J. Thomson 1986), but in most cases this color differ¬ 
ence rapidly disappears as the pollen germinates (chap¬ 
ter 7), so the work is very difficult in practice. More 
commonly, studies have involved flowers with hetero- 
styly (see Spatial Separation of Male and Female 
Parts below), where the styles are set at different 
heights and dispense slightly different pollens. With 
such techniques, it has been shown that geitonogamy 
(self-pollen carried over between flowers but within 
the same plant) is quite commonplace in many species 
of plant and that it does increase as expected with the 
number of open flowers present on a plant (Hessing 
1988; Dudash 1991; de Jong et al. 1992; chapter 21). 


However, with genetic markers now available it is 
becoming possible to measure not just pollen dispersal 
but also pollen carryover, although for the latter any 
use of markers must be accompanied by detailed ob¬ 
servations of visit patterns. Karron et al. (2009) used 
arrays of Mimulus plants, each with a unique genetic 
marker, to analyze pollen movement and selling fol¬ 
lowing a sequence of visits by a single bumblebee and 
found that the mean selling rate increased from 21% 
for the initially probed flowers to 78% for the fourth 
flower that was probed (fig. 3.7). 

Influences on Pollen Dispersal and Carryover 
Obvious influences on pollen dispersal include the 
amount and timing of pollen available in flowers and 
the number of flowers per plant and per plant patch. 
All of these factors will interact with the attraction and 
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Figure 3.7 The proportion of selfing recorded in succes¬ 
sively visited flowers of Mimulus ringens, each point 
representing a single fruit assessed for paternity. (Modi¬ 
fied from Karron et al. 2009.) 
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behavior of different pollinator types: how much pol¬ 
len they carry and where on the body, whether and 
when they groom, when they visit in relation to dehis¬ 
cence, how much short-term flower constancy they 
show, and how far they travel between plants. A clear 
example of pollinator effects was shown with Strepto- 
carpus species by Hughes et al. (2007), where one 
species in a woodland visited by long-tongued flies 
had a genetic structure indicating infrequent gene dis¬ 
persal and limited between-population foraging, 
whereas another species visited by sunbirds showed 
much greater pollinator-mediated gene flow and be¬ 
longed to a clade with much longer phylogenetic 
branching. 

There are some more specific behaviors that will 
influence pollen dispersal, such as territoriality (com¬ 
mon in several kinds of pollinator) or trap-lining (vis¬ 
iting the same sites or flowers repeatedly in specific 
spatiotemporal sequences, often over many successive 
days; again, not uncommon, and documented for vari¬ 
ous bees, butterflies, hummingbirds, and bats). Ohashi 
and Thomson (2009) specifically analyzed the effects 
of trap-lining on pollen movements and suggested that 
it increases variation among populations in both ge¬ 
netic diversity and the level of inbreeding depression, 
thus affecting rates of floral evolution. 

For any one plant, the overall pollen dispersal and 
carryover will depend on the composition of the visit¬ 
ing fauna at any one time, and this will in turn depend 
on factors such as the weather (which matters for both 
wind and insect pollination). Hence any modeling of 
pollen dispersal and the resulting paternity shadow 
has to be remarkably complex (e.g., Cresswell 2005, 
2006) if it is to be at all realistic. 


Pollen Discounting 

Pollen discounting is the extent to which ineffective 
self-pollination occurs and thereby reduces the num¬ 
ber of pollen grains left to be involved in cross¬ 
pollination (Holsinger et al. 1984). It is controversial 
as to what degree pollen discounting really matters, 
given that pollen grains are usually so much more nu¬ 
merous than ovules that some selfing could normally 
be achieved with very limited effects on the pollen still 
available for outcrossing (D. Lloyd 1992; Holsinger 
and Thomson 1994; Harder and Barrett 1996, 2006). 
The latter authors point out that it is not pollen grain 
number that matters, but rather pollen mating opportu¬ 
nities. If less than 1% of all pollen that is produced 
ever reaches an appropriate stigma, the key question 
is, how much of the pollen that would otherwise reach 
other plants is involved (discounted) in selfing? In this 
light, discounting may be low for plants that bear sin¬ 
gle flowers but much more important for multiflow- 
ered plants (Ritland 1991; Kohn and Barrett 1994; 
Harder and Barrett 1996). 

Pollen Limitation 

It is often assumed that limited reproductive success in 
a given zoophilous plant species is the result of poor 
pollination or seed set in plants, which in turn is due to 
pollen limitation; that is, insufficient pollen receipt re¬ 
sulting from insufficient visits by pollen-bearing ani¬ 
mals. Of course this limitation on reproductive output 
could arise from many other prezygotic and postzy- 
gotic factors; and even where it is due to inadequate 
pollen receipt, this could mean the receipt of poor- 
quality pollen (too much self-pollen or heterospecific 
pollen), rather than just low pollen quantity. Aizen and 
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Harder (2007) modeled these aspects to show that 
quantity limitation is likely only at low ranges of pol¬ 
len receipt, whereas quality limitation can be impor¬ 
tant at all ranges. Most measurements of pollen limita¬ 
tion are made by supplementing cross-pollen receipt 
by hand-pollination, a method that does not adequate¬ 
ly distinguish between these causes. Furthermore, 
much of the literature does not really distinguish be¬ 
tween pollen limitation and pollinator limitation in 
practice. Thus, while we noted earlier that at least 60% 
of over 250 plants investigated have been reported to 
show limitation of fruit set as a result of a less-than- 
ideal pollination interaction (Burd 1994; reviews by 
Ashman et al. 2004; Knight, Steets, et al. 2005), this 
figure is somewhat suspect for the reasons given 
above. Knight et al. (2006) also pointed out the biases 
in estimates due to timing and type of sampling re¬ 
gimes, as well as the bias against reporting negative 
results. 

Larson and Barrett (2000) attempted an overview 
of pollen limitation that took account of many of the 
problems, with phylogenetically corrected analyses, 
and were able to extract some patterns from the avail¬ 
able data (table 3.2). Pollen limitation was less intense 
in self-compatible and autogamous species than in 
outcrossing species (as might be expected). Temperate 
species, species from open habitats, herbaceous spe¬ 
cies, and species offering nectar as a reward to visitors 
were less pollen limited, but specialized and general¬ 
ized flower types showed little difference from each 
other. Phylogeny was found to have only a minor influ¬ 
ence, though there were differences between families 
in mean scores (fig. 3.8). However, no single trait was 
a good predictor of the extent of pollen limitation. This 
is perhaps not surprising given the clear demonstra¬ 
tions that pollen limitation varies widely between ad¬ 
jacent populations and between years for any one 
population (see, e.g., Buide 2006). 

Although the extent of pollen limitation may be 
variable and may have been overestimated, it is un¬ 
doubtedly common, and its prevalence underlies many 
of the current debates in pollination ecology. The ma¬ 
jor consequences of this bottleneck to fitness are 
somewhat controversial; a reversion to selfing is one 
option (Eckert et al. 2006), and the use of delayed fac¬ 
ultative selfing as a backup option is also reasonably 
common (Fenster and Marten-Rodriguez 2007), but 
the most frequent outcome seems to be a shift of floral 
traits leading to a selective shift of pollinator type 
(S. Johnson 2006). The latter view is supported by 


considering the orchids, a taxon where flowers are 
nearly always pollen limited but where self-pollination 
is rare and pollinator shifts are very common. Thus 
pollen limitation is a key issue at the root of the sup¬ 
position of a strong selection for floral traits that con¬ 
fer more efficient pollination, those traits often being 
strongly correlated and giving rise to the suites of con¬ 
vergent traits that are perceived as floral syndromes. 

3. The Benefits of Crossing and 
Selfing in Plants 

Why is cross-fertilization (allogamy) usually best? 
This is a very similar question to that of why sex 
evolved, and the answer to that one has provoked enor¬ 
mous controversy and debate (Maynard Smith 1978; 
G. Bell 1982; Agrawal 2006; deVisser and Elena 
2007). Restricting discussion to plants and pollination, 
there is no doubt that cross-fertilization provides some 
major benefits. First, it leads to each new individual 
plant inevitably having a new combination of genes, 
which allows for variation and adaptation to a changing 
environment—not just to abiotic changes such as cli¬ 
mate or soil characteristics, but also to changes in other 
similarly varying and evolving organisms, especially 
the herbivores, parasites, and diseases against which 
the plant must defend itself. Second, cross-fertilization 
provides some defense against natural mutations in 
the genetic material: if one parent carries deleterious 
recessive genes, they can be masked by the dominant 
genes from the other partner, or if one of the two pa¬ 
rental genomes becomes damaged, the effects of non¬ 
functional alleles can be masked by the correct func¬ 
tioning of the equivalent alleles on the chromosome 
inherited from the other parent. This masking in turn 
can occasionally allow the potential beneficial effects 
of a mutation to be realized, since a damaged but 
masked allele may code for another polypeptide that 
persists with slightly different properties, and that in 
time may come to serve as an isozyme of the original 
enzyme coded at that site, and may work better in 
slightly different conditions, so extending the environ¬ 
mental range of the plant. Over an even longer time 
scale this polypeptide could potentially take on quite 
new functions. A third major benefit is the avoidance of 
inbreeding depression, which can result from increas¬ 
ing homozygosity as the mean values of fitness-related 
parameters begin to decline. An allele promoting out- 
crossing will then increase in frequency if the fitness 
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Table 3.2 

Factors Affecting Pollen Limitation 


Factor 

Mean 

pollen limitation 

SE 

Sample size 

Self compatible 

0.31 

0.03 

102 

Self incompatible 

0.59 

0.04 

66 

Selfing 

0.16 

0.04 

35 

Crossing 

0.38 

0.03 

97 

Temperate 

0.30 

0.02 

139 

Tropical 

0.56 

0.04 

85 

Open habitat 

0.33 

0.03 

82 

Forest 

0.42 

0.03 

108 

Herbaceous 

0.32 

0.03 

102 

Woody 

0.52 

0.04 

82 

Nectar present 

0.35 

0.03 

91 

Nectar absent 

0.47 

0.05 

42 

Unspecialized flowers 

0.38 

0.03 

130 

Specialized flowers 

0.42 

0.03 

94 


Source: Modified from Larson and Barrett 2000. 


Figure 3.8 Mean values of pollen limitation estimated 
for seven important angiosperm families. SEs are 
shown, and statistically homogeneous groups carry the 
same letter above the bars. (Modified from Larson and 
Barrett 2000.) 



of the outcrossed progeny is markedly greater than that 
of selfed progeny (D. Lloyd 1992). The result of these 
benefits is that outcrossed hybrid heterozygous plants 
generally do better than more homozygous relatives; 
thus, many populations over time come to contain 
more heterozygotes, and more of the surviving adults 


are heterozygotes than are the initial set of seedlings 
(e.g., Schmitt and Ehrhardt 1990 with Impatiens ). 

Given the benefits of outcrossing, how common is 
selhng (autogamy) and why does it still occur? Selfing 
is quite common in many species and is sometimes the 
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Table 3.3 

Modes of Self-Pollination for Flowers 


Timing relative to 
cross pollination 

Mode 

Using pollen 
vector? 

Reduced pollen 
export? 

Provides reproductive 
assurance? 

Before 

Prior 

No 

Some 

Yes 


_Competing 

No 

No or some 

Yes 

Simultaneous 

—► Facilitated 

Yes 

Yes 

Yes 


Geitonogamous 

Yes 

Yes 

No* 

After 

Delayed 

No 

No 

Yes 


Source: Modified from Lloyd 1979, 1992. 
'unless it induces more pollinator visits. 


norm; there is effectively a continuum between plants 
that cannot self-fertilize at all, through those that do it 
very rarely, those that use it sometimes, those that have 
it as part of their routine life cycle, and on to the other 
extreme of plants that nearly always self-pollinate and 
self-fertilize (D. Lloyd 1979, 1992). Table 3.3, based 
on Lloyd’s reviews, summarizes the possible kinds of 
selling that may occur and some of their consequenc¬ 
es. Selfing that occurs at the same time as possible out- 
crossing can be either intrafloral without any influence 
from pollen vectors (competing), intrafloral but aided 
by the activities of a vector (facilitated), or extrafloral 
(geitonogamous), with pollen export by a vector to an¬ 
other flower on the same plant. 

In temperate ecosystems about two-thirds of all 
plants can self if they have to, the proportion being 
highest in small and annual species (Aarssen 2000) but 
markedly lower in large woody perennial plants. In 
tropical ecosystems, the levels of potential selfing are 
probably lower for all plants (Bawa et al. 1985), and 
Ward et al. (2005) found more than 90% outcrossing 
for 45 species from tropical rain forests. 

Where a vector is involved, selfing may be an ines¬ 
capable by-product of adaptations that aid outcrossing, 
but where there is no vector, some kind of benefit to 
the plant must be involved. The observation that a loss 
of mechanisms to prevent selfing is one of the com¬ 
monest of all trends in flowering plants (Schoen and 
Busch 2008) reinforces this point. Probably the single 
most important benefit is that self-fertilization gives 
guaranteed reproduction, even in the absence of any 
potential mates. And remember that self-fertilization 
is still a sexual event, with independent assortment of 


chromosomes at meiosis and therefore the possibility 
of recombination events, producing at least some ge¬ 
netic variability in progeny (unlike truly asexual re¬ 
production by runners, for example). 

For annual plants, then, with short lives and only 
one flowering season, the obvious argument in favor of 
selfing is that it does provide the reliability of a fall¬ 
back or fail-safe mechanism (often termed reproduc¬ 
tive assurance) when crossing has not occurred, which 
may be the case in years or in localities when the nor¬ 
mal external agent of pollen transfer, whether an ani¬ 
mal or the wind, has proved inadequate. This issue was 
thoroughly (and critically) reviewed by Eckert et al. 
(2006). Pollinator limitation is often a serious factor in 
marginal habitats and in poor seasons, and in those 
circumstances producing any seed at all, even if it is 
selfed seed with some disadvantageous mutations 
perpetuated, is better than nothing. Annual weedy 
plants with selfing habits are typically associated with 
open and unpredictable environments and with early 
spring or late autumn flowering in seasonal habitats, 
where cold or wet weather may limit the options for 
crossing. In some genera, there has been repeated re¬ 
version to selfing and to smaller, inconspicuous flow¬ 
ers in species living at the margins of their outcrossing 
ancestors’ range, where environmental conditions are 
extreme (e.g., in Clarkia; Runions and Geber 2000; 
Mazer et al. 2004). A reproductive assurance case can 
also be made for selfing in some highly specialized 
flowers (such as some orchids and the elaborate Tacca 
chantrieri ), where delayed selfing provides a fail¬ 
safe at the end of the flower’s normal lifespan; Fenster 
and Marten-Rodriguez (2007) reviewed this point 
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thoroughly, showing that the occurrence of traits for 
both pollination specialization and self-pollination in 
the same species is not paradoxical. 

Another argument in favor of selfing is that it is 
cheaper. Most plants that are habitually self-pollinating 
have flowers that are smaller and fewer in number than 
those of close relatives that require cross-pollination. 
Good examples are provided by some of the common 
Geranium species: the large and brightly colored 
meadow and wood cranesbills (G. pratense, G. sylvati- 
cum ) are pollinated by insects, especially bees, while 
dovesfoot cranesbill (G. molle ) and cut-leaved cranes- 
bill (G. dissectum ) are both self-pollinators and have 
flowers with much smaller petals that are dull pink in 
color. Selfing plants clearly do not need the expensive 
investment in flower color, size, and number to put on 
an attractive floral display. Similarly, they tend to have 
little or no nectar, saving on calories offered to visi¬ 
tors. Perhaps even more important, the individual 
flowers commonly have fewer anthers or fewer pollen 
grains or both, and fewer ovules. Cruden (1977) re¬ 
corded average figures of less than 100 pollen grains 
per ovule for selfers, and of 700 or more for outcross¬ 
ing species. 

A third argument for selfing is that it is potentially 
quicker, and in that case pollinator limitation is not a 
necessary part of the explanation. Snell and Aarssen 
(2005) reviewed the associations of traits in selfing an¬ 
nuals systematically and found them to have shorter 
plants, smaller and shorter-lived flowers, shorter devel¬ 
opment times, and smaller seeds compared with relat¬ 
ed outcrossing species. They noted that these traits can 
all be explained by a simple time-limitation hypothesis 
that does not invoke any particular limitation of mates 
or of pollinators. Speed of reproduction may be criti¬ 
cal for ephemeral plants with short growing seasons or 
for individual plants from late-germinating seed faced 
with the onset of winter in a seasonal habitat. A selfing 
flower can be fertilized as soon as its anthers and stig¬ 
ma are ripe, with no time wasted enduring windless 
conditions for an anemophilous plant or in waiting for 
appropriate visitors if zoophilous. A selfing plant may 
even be able to hasten this ripening relative to an out- 
crossing species, since many self-pollinating plants 
are notable for simple and “juvenile” flower structures 
that resemble those of related species when at a young¬ 
er developmental age. In effect, the developmental 
program is slightly adjusted so that the maturation of 
anthers is speeded up relative to the maturation of pet¬ 


als or other showy structures (Guerrant 1989; Diggle 
1992). Thus in Mimulus, selfing species have smaller 
and short-lived flowers with more rapid bud develop¬ 
ment than those of related outcrossers, suggesting that 
there has been specific selection for rapid development 
(Fenster et al. 1995). For plants that use selfing as a 
fallback, this adjustment may have other useful ef¬ 
fects. In a juvenile flower, any differences between 
anther and stigma height are likely to be reduced; 
again geraniums provide examples, with the anthers 
and stigma of Geranium molle maturing simultane¬ 
ously and close together, while the anthers and stigma 
of G. sylvaticum, which is protandrous, grow to differ¬ 
ent heights. Furthermore, in juvenile flowers, any in¬ 
trinsic self-incompatibility mechanisms (which will 
be discussed in Genetic Separation by Self-Incompati¬ 
bility below) are less likely to be fully operational. 

The three advantages mentioned so far largely apply 
to short-lived annual plants. Perennials, of course, have 
the option of reproducing in subsequent years, and so 
have less need of selfing as a safeguard against the pos¬ 
sibility of not being able to reproduce at all. Classic 
examples of longer-lived temperate plants that do ha¬ 
bitually show a kind of selfing are Rubus (bramble, or 
blackberry, and its relatives) and Sorbus species such 
as whitebeam; both use agamospermy extensively, ef¬ 
fectively dispersing by cloned seeds. So too do some 
common weeds, including many dandelions ( Tarax¬ 
acum and the related composite genera Hieracium and 
Crepis) and the common meadow grass (Poa pratensis) 
(Mogie 1992). This raises the fourth argument in favor 
of selfing, which is also the one widely quoted for ani¬ 
mals: that it can be seen as adaptive for invaders of 
unpredictable and short-lived habitats, where estab¬ 
lishment needs to be rapid. In those circumstances, 
producing a larger number of offspring that are very 
similar to the successful invader to take advantage of 
the transient resources is more important than produc¬ 
ing variable offspring, some of which may not be as 
well suited as the parent to that particular transient 
habitat. Put simply, selfing is a good way of rapidly 
expanding a plant population. Of course the argument 
then also works for weedy, annual, self-fertilizing spe¬ 
cies, which epitomize good colonizers of new habitats 
and efficient users of transient resources following 
major disturbances such as fire, flood, or anthropo¬ 
genic interventions, achieving assured seed-set from 
just one or two initial invaders. Clearly, this argument 
is connected to the preceding one concerning the speed 
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of reproduction for annuals, although on a slightly dif¬ 
ferent time scale. 

A fifth advantage, or set of advantages, is some¬ 
times invoked and is related to genetic effects. Where 
seed-set is low in an outcrossing plant, it ought to be 
vulnerable to invasion of its habitat by a mutant form 
that is self-fertilizing, so that selfing should spread 
rather easily in some circumstances. However, this ar¬ 
gument is contentious: the issue here may be that seed- 
set (the traditional measure of plant success in labora¬ 
tory trials) is not a good measure of fitness in field 
situations, since seedling establishment and parental 
longevity also have enormous effects in maintaining or 
increasing population size. It is frequently reported 
that, in this broader sense, fitness is maximized at 
moderate, or even at low, levels of seed-set (Calvo and 
Horvitz 1990; Calvo 1993), which require only moder¬ 
ate levels of pollination success and are achievable by 
moderate animal-mediated cross-pollination. On that 
basis, there may be less selective pressure for plants to 
evolve toward selfing than might sometimes be sup¬ 
posed. However, there are additional genetic reasons 
for selfing being favored, in that any genetic mating- 
system modifiers that reduce the rate of outcrossing 
should, at least in theory, be able to bias their own 
transmission; this is the “automatic selection” hypoth¬ 
esis for the evolution of selfing (Schoen et al. 1996). 
For example, a gene promoting outcrossing is trans¬ 
mitted only via ovules and pollen that are themselves 
both the result of outcrossing, whereas a gene promot¬ 
ing selfing will benefit from both of those scenarios 
but also from progeny produced by selfing, and so 
should be able to spread (at least whenever inbreeding 
depression is not too strong, see below). Fisher (1941) 
first pointed out this effect and noted that a partial self- 
er has an inbuilt advantage over an exclusive outcross- 
er because it can transmit its genes in three ways rather 
than in just two, giving, in theory, a 50% advantage. 

Even without these genetic issues, but given the 
fourfold ecological benefits for selfing of being reli¬ 
able, cheaper, quicker, and good for colonizing, it 
would seem that the countering benefits of crossing— 
generating variability and masking deleterious genes— 
must be rather powerful. This is evident also from the 
pattern of occurrence of selfing (mainly at the margins 
in both time and space) and from the ability of almost 
all habitually self-pollinating plants to achieve cross¬ 
pollination when possible. Thus even the small, dull, 
low-pollen and low-ovule flowers of plants that are as¬ 


sociated with self-fertilization are readily able to be 
cross-pollinated when they receive a rare visit from an 
insect. Levels of 99% selfed seed are not uncommonly 
recorded in some weedy plant species, but populations 
with no crossing at all seem to be exceedingly rare, 
and Stebbins (albeit in 1957) specifically asserted that 
there were no examples. 

This discussion perhaps leads back conveniently to 
the disadvantages of selfing. Where it is very common, 
it has consequences for the levels of variation within 
plant populations, for the reasons already given as se¬ 
lecting for cross-fertilization. Plants become much 
less varied than equivalent outcrossers and may be¬ 
come genetically fixed into particular subpopulations 
(a problem for taxonomists in the past, who may have 
identified as separate species what were really just lo¬ 
cal morphological types of a single species). Lack of 
variation in selfed plants can potentially lead to in- 
breeding depression (effectively the opposite of hy¬ 
brid vigor, so that recessive deleterious alleles are ex¬ 
pressed), with many possible manifestations: slower 
growth, smaller seed size, lower seed numbers, and 
slower germination have all been recorded, the precise 
response varying with species but always leading to an 
overall reduction in establishment and survival. Mor¬ 
gan et al. (1997) suggested that the costs of potential 
adult inbreeding depression are the major reason why 
perennials avoid selfing, and this may be broadly true 
for all angiosperms (Barrett 2002), because they could 
in theory suffer a gradual irreversible decline in fitness 
(although S. 1. Wright et al. (2008) suggested several 
ways in which the worst genomic consequences might 
be avoided). Plants that do habitually self-fertilize may 
have survived the initial hurdles of inbreeding depres¬ 
sion over a few generations by eliminating the most 
disadvantageous genes through high mortality, and 
perhaps preserving particularly useful gene complex¬ 
es, so that the burden of inbreeding depression was 
quite rapidly reduced; but in almost all cases, the 
survivors still achieve better performance if crossed 
(A. Richards 1986; D. Charlesworth and Charlesworth 
1987). The only exceptions may be some polyploid 
plant hybrids, where selfing is more favored (Barrin¬ 
ger 2007), and the increased chromosome number re¬ 
duces or masks the effects of deleterious mutations 
(Husband et al. 2008). 

The lack of variation can also, of course, be a major 
and potentially lethal disadvantage if the habitat chang¬ 
es. And local fixation of the genotype and phenotype 
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Table 3.4 

Self-Fertilization versus Cross-Fertilization 


Crossing 

Advantages 

Generates variation 

Masks some mutations and damage in genome 

Permits evolution of new functions in masked alleles 


Disadvantages 

Requires higher investment in flowers 

May generate some poor quality offspring 

Selfing 

Advantages 

Reliable (as back-up when crossing fails) 

Cheaper 

Potentially faster 

Allows rapid exploitation of transient resources 


Disadvantages 

Inbreeding depression 

No masking of disadvantageous alleles 

No variation that allows adaptation to changed conditions 


could presumably become an additional handicap over 
evolutionary time, with separate subpopulations even¬ 
tually so different that they cannot interbreed and re¬ 
store variation. 

A summary of the advantages and disadvantages of 
selhng and crossing is presented in table 3.4. The bal¬ 
ance of costs and benefits will vary with the availabil¬ 
ity of the prevailing pollinator, as specifically demon¬ 
strated by Kalisz et al. (2004) and by Moeller and 
Geber (2005). But it is evident that cross-fertilization 
has important advantages for most plant species most 
of the time in most localities and that self-fertilization 
is usually better avoided or resorted to only as a last 
resort strategy. Self-fertilization in those plants that 
normally use outcrossing is therefore prevented, as far 
as possible, with a range of mechanisms within a flow¬ 
er and within a plant, as documented in the next two 
sections. Where these tactics fail and selfing occurs, 
embryo abortion is common, along with inbreeding 
depression and unmasked deleterious genes. Indeed, 
plants that have selfed extensively often show almost 
total abortion, as described in Ipomopsis by Waser and 
Price (1991). 

4. Methods for Avoiding Selfing 
within a Flower 

Avoidance of selfing can be achieved either by sepa¬ 
rating the male and female parts of the flower, so that 


there is a prestigmatic block to self-pollen ever being 
received on the style (and these methods will often 
have a very marked effect on floral design), or by a 
physiological system within the floral tissues, so that 
the flower recognizes and blocks self-pollen at a post- 
stigmatic stage. An overview of these mechanisms is 
given in table 3.5. Many plants use both systems, prob¬ 
ably because each has pros and cons. Prestigmatic 
blocking is cheap to achieve but somewhat risky. Post- 
stigmatic blocking is highly effective in avoiding fer¬ 
tilization but still allows self-pollen to land on stigmas, 
where it may block the receptive surface (pollen clog¬ 
ging) and interfere with subsequent germination of 
cross-pollen; for example, in self-incompatible Polem- 
onium viscosum, Galen et al. (1989) recorded that self¬ 
pollen on the stigmas, although blocked from germi¬ 
nating itself, could reduce germination of cross-pollen 
by up to 32% and seed set by up to 40%. 

Temporal Separation of Male and Female Parts 

Also known as dichogamy, temporal separation oc¬ 
curs widely in flowers that have sexual phases (“sex 
with a temporal offset”), which comprises nearly 90% 
of all angiosperms. This may be either protandry— 
having the male phase first, with anthers dehiscing 
before the flower’s own stigma is receptive—or pro- 
togyny—the opposite, with the stigma already shrivel¬ 
ing by the time pollen is offered. In some plants the 
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Table 3.5 

Mechanisms for Avoidance of Selfing in Hermaphrodite Flowers or on Monoecious Plants 


Temporal separation (dichogamy) 

Protandry Male phase first: pollen released from anthers before stigmas are receptive 



Very common, especially in flowers pollinated by bees and flies, with higher 
reward in lower flowers and pollinator working upward from base to tip of 
inflorescence 

Protogyny 

Female phase first: stigmas receptive before anthers mature and release pollen. 
Less common, except in generalist flowers and monoecious flowers, especially 
those pollinated by beetles and wasps, and in some specialist trap flowers 

Spatial separation 
(herkogamy): 

Male and female phases are simultaneous, but style and stamens are kept 
spatially apart within each flower 

Ordered herkogamy 

Pollen and stigma positioned sequentially in relation to pollinator access 

Stigma at mouth of flower and pollen deeper within corolla; bell or 
tube-shaped flowers; stigma often one 

Pollen at mouth of flower and stigma deeper within corolla; narrow 
tubular flowers 

Temporal herkogamy 

Pollen or stigma or both change position through life of flower, occupying 
similar positions at different times. 

Pollen near mouth of flower initially; style grows into same position after 
pollen depletion 

Movement herkogamy 

Floral parts move in response to pollinator 

Stigmas close when contacted or after receiving pollen 

Anthers move inward as pollinator probes flower 

Reciprocal herkogamy 
Heterostyly 

Polymorphic styles; usually in tubular flowers and accompanied by SSI 
systems (see below) 

Distyly 

Different flowers have either long style and short stamen, or vice versa 
(pin and thrum flowers, e.g.. Primula ) 

Tristyly 

Enantiostyly 

Similar to distyly, but long, medium, and short lengths occur 

Style deflected to right or left of the main floral axis; usually pollen-only 
flowers with no nectar 

Genetic separation by 
self incompatability (SI): 

Controlled by chemical recognition between pollen and stigma, due to specific 
genetic SI loci. When there is the same SI allele at this locus, whether pollen is 
from the same plant or from another plant within the same population, polli¬ 
nation cannot occur 

Sporophytic (SSI) 

Parent genotype determines compatability; stigma expresses the 
incompatability 5-allele (usually only two alleles and only one locus) 

Pollen arrests at stigma surface 

Gametophytic (CSI) 

Progeny determines compatability; pollen grain contains an incompatability 
5-allele (usually multiple alleles, only one locus) 

Pollen growth begins but arrests within style 
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switch from one phase to the other has a fixed timing, 
normally from one to a few days, but in others it can be 
triggered by external events. Dichogamy not only re¬ 
duces selling by preventing “sexual interference” 
within the hermaphrodite flower (D. Lloyd and Webb 
1986), but if it is synchronized across all the open 
flowers on one plant, it can also reduce the cost of pol¬ 
len wastage, limiting geitonogamous interaction be¬ 
tween those flowers and thus leaving more pollen 
available for outcrossing (Harder and Barrett 1996). 

Protandry is particularly widespread, especially in 
rather specialized zygomorphic flowers (Bertin and 
Newman 1993). Phylogenetic analysis has revealed 
that protandrous species tend to be bee or fly pollinat¬ 
ed, whereas protogynous species are more likely to be 
wind or beetle pollinated (Sargent and Otto 2004). 
Protandry can be more or less relative in its timing, so 
that there are varying degrees of overlap of the male 
and female phases. Occasionally, the gender phases 
are absolutely distinct, as in some Impatiens (balsam) 
species where the androecium completely covers the 
gynoecium in young flowers; the gynoecium swells 
later on and pushes the androecium away (Schemske 
1978). Protandry can also occur in a protracted form 
with a sequential ripening of anthers; for example, in 
Saxifraga aizoides, a yellow-flowered alpine species 
commonly grown in rock-gardens, the filaments curl 
into the center of the flower one at a time and dehisce 
there, with the style maturing only once all the anthers 
have dehisced. 

Protandry is almost the rule in certain families (La- 
miaceae, Caryophyllaceae, and Asteraceae), and is 
common in others (Campanulaceae, Apiaceae), al¬ 
though the degree of protandry differs between species 
within these taxa. It may vary even between popula¬ 
tions, as Schoen (1982) showed with the annual Gilia 
achillefolia (Polemoniaceae), where communities 
with the largest protandry index (the temporal separa¬ 
tion between the sexual phases) had the highest levels 
of cross-pollination. 

In contrast, protogyny is rather uncommon, perhaps 
because it reverses the “normal” order of development 
of successive whorls of floral organs. It occurs in some 
very generalist flowers (especially the small open 
flowers pollinated by beetles and wasps), notably in 
the families Ranunculaceae (e.g., the pasque flowers, 
Pulsatilla ) and Brassicaceae. It is also found in some 
wind-pollinated plants and in many plants with uni¬ 
sexual flowers. Many of the protogynous flowers are 


self-compatible. They tend to be spring-flowering and 
are often associated with polar and boreal regions 
(chapter 27). These points may be linked to one major 
advantage of protogyny: the anthers can persist into 
old age if the flower has not been pollinated (rather 
than shrivelling at a given age to allow stigma matura¬ 
tion), and therefore the flower can still self-fertilize as 
a last resort, as is often necessary in habitats where 
pollinators are scarce and crossing is unreliable. 

Protogyny also occurs almost of necessity in some 
of the specialist trap flowers that will be described in 
chapter 23, where the pollen-bearing visitors are held 
in a chamber around the mature stigmas and only re¬ 
leased once the flower’s own anthers (sited on the exit 
route) are ripe. An even more extreme case of struc¬ 
tural complexity occurs in the tiny protogynous flow¬ 
ers of the tree Guazuma ulmifolia (allied to cocoa, in 
the Malvaceae; fig. 3.9), which initially presents a visi¬ 
tor with a central female chamber bounded by five 
strap-shaped petals; these will then wither and inter¬ 
mingle and thus prevent access to this female chamber 
at the same time as the wilting sepals expose lower 
entrances to five male chambers containing nectar, 
each with a “window” effect to lure the visitor into 
position for pollen receipt (Westerkamp et al. 2006). 

In some species, such as the avocado pear ( Persea , 
family Lauraceae), all the plants are protogynous, but 
subpopulations open at different times of day, with a 
closed phase in between, therefore facilitating out- 
crossing (Ish-Am and Eisikowitch 1991). A few plant 
species can have individuals that are either protandrous 
or protogynous (e.g., the tropical tree Trochodendrorr, 
Endress 1994), again reducing selling and promoting 
outcrossing. 

Spatial Separation of Mate and Female Parts 

Spatial separation of the male and female structures 
within a flower is also known as one form of herkoga- 
my. It may be functionally important in preventing 
unwanted physical interference between the sexual 
structures (stamens restricting access to stigmas, or 
styles obstructing exit routes for pollen-bearing vis¬ 
itors), but it is often also linked with flower morph¬ 
ologies that manipulate a visitor’s movements in the 
flower to ensure that it touches the sexual structures 
appropriately. Somewhat complex measures may be 
needed for relatively specialist flowers that rely on 
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Figure 3.9 The complex flowers of Guazuma ulmifolia: (A) seen from above (with entrance to female chamber open); 

(B) seen from the side (female entrance now closed by withering tissues, and male entrances from below now open; 

(C) a cut-away detail of one male chamber and the female chamber. (Modified from illustrations in Westerkamp et al. 
2006.) 


precise pollen placement on a visitor, since outcross¬ 
ing then often depends on the stigma being in a similar 
position to the anthers to receive that pollen from the 
same part of the animal’s body. There is often a con¬ 
flict between avoiding self-interference and achieving 
precision in pollination. 

In ordered herkogamy, a visitor meets male and 
female parts sequentially. In its simplest form, in bowl¬ 
shaped flowers, the stigmas are commonly central and 
the anthers peripheral; most visitors will land central¬ 
ly, so depositing any pollen they carry onto the stig¬ 
mas, and (usually after feeding) they then move to the 


edge of the flower to take off, so picking up fresh pol¬ 
len. In tubular corollas, ordered herkogamy can be 
achieved by unequal protrusion of the stigma and sta¬ 
mens; most often the stigma is at the mouth of the 
flower and anthers bearing pollen are deeper within 
the corolla. In brush-blossom inflorescences with 
many small short-tubed flowers, the anthers and stig¬ 
ma of any one flower can be kept apart thus, but since 
visitors tend to walk all over the inflorescence, they 
will usually move pollen successfully between florets. 
In larger flowers, longer stigmas are particularly asso¬ 
ciated with bell-shaped or widely tube-shaped flowers, 
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and where these are zygomorphic, the stigma is often 
dorsally sited and may be one-sided. Thus an incom¬ 
ing visitor deposits foreign pollen from its mouthparts 
or head as it enters and picks up fresh pollen on its 
back. However, in very narrow corollas, the situation 
is often reversed, and pollen may be dispensed by long 
stamens with anthers at the mouth of the flower, while 
the stigma lies deeper within the corolla; here a typical 
visitor (bee, moth, or bird) normally only inserts its 
tongue, which carries pollen on its brush-like tip, so 
picking up fresh pollen as it withdraws the tongue 
from one flower and then depositing it as it probes for 
nectar deep into the center of the next flower. 

Ordered herkogamy can be very efficient in pro¬ 
moting outcrossing. There can be great variation with¬ 
in a species in relative stigma-anther lengths, and this 
is usually directly linked to variation in the rates of 
selling (Motten and Stone 2000; Takebayashi et al. 
2006). Relative lengths of the stigma and anthers can 
also be under strong selection; for example, in the 
Australian orchid-like genus Stylidium (trigger plants), 
pollen placement is very precise, and populations in 
different areas within different communities have dif¬ 
ferences in anther and style morphology to ensure 
placement on the pollinator’s body in sites that reduce 
overlap with coflowering plants (Armbruster et al. 
1994). 

A second option is to change the relative positions 
of anthers and stigma as the flower ages (clearly this 
combines an element of temporal separation, especial¬ 
ly protandry, and so might be termed temporal 
herkogamy, though the term “heterodichogamy” is 
also used in special cases). This effect can be achieved 
in bowl-shaped flowers if the stamens move either in¬ 
ward to the center after shedding their pollen (e.g.. Ge¬ 
ranium, Hypericum), or outward (e.g., Malva), in both 
cases taking the anthers away from the maturing stig¬ 
mas. In zygomorphic flowers the stamens are com¬ 
monly long and dorsal, so that pollen is deposited on a 
visitor’s back, but the style is either lateral or ventral 
and often short; then later in the flower’s life, the style 
either moves or grows so that it ends up in a similar 
site to the anthers, thus solving the dilemma created by 
the need for precise pollen placement on visitors. This 
is what happens in many familiar tubular flowers, such 
as Penstemon, and so allows the pickup of imported 
pollen from the same site on the body of the same pol¬ 
linator species. Plate 26H shows a bird-pollinated ex¬ 
ample of this kind. Another example can be seen in 


Ribes (plate 14G), where younger flowers have exsert- 
ed white anthers and a short style, whereas in older 
flowers, the elongate yellowish style emerges beyond 
the anthers. 

A third variant is movement herkogamy, where 
floral parts move only in direct response to the pres¬ 
ence and touch of the pollinator. This may occur where 
the male and female parts are normally separated, and 
then either the stigmas close when contacted or after 
receiving pollen (e.g., Mimulus, Utricularia; chapter 
2) or the anthers move inward as a pollinator probes 
the flower (e.g., Mahonia, plate 12B). Alternatively, in 
some rosaceous plants, such as rock-rose ( Helianthe- 
mum, plate 2E), the anthers are initially clustered cen¬ 
trally but splay apart quickly after visitation, so expos¬ 
ing the central maturing style to later visitors. 

A fourth and particularly interesting version is re¬ 
ciprocal herkogamy, also known as heterostyly. It in¬ 
volves plants that have polymorphic styles, and it oc¬ 
curs in at least 28 families (though often has been lost 
again in certain lineages within groups that acquired it; 
Sakai and Wright 2008). It is best known in the form 
of distyly, where a particular species has two different 
flower forms with different style lengths (Barrett 1990; 
Barrett et al. 2000). The primroses ( Primula ) with 
their pin and thrum varieties are the most familiar case 
(plate 6C). Here, the pin flowers have an elongate 
stigma reaching the end of the corolla tube and anthers 
sited half way down that tube, while the thrum flow¬ 
ers have anthers set at the top of the tube and a stigma 
only half the length (fig. 3.10). Furthermore, the pin 
flowers have much more strongly papillate stigma sur¬ 
faces and less variably sized pollen grains. Similar ar¬ 
rangements occur in a range of common plants, shown 
in table 3.6, including some tristylous plants with 
three, rather than two, variants (i.e., having long, me¬ 
dium, or short styles). In all distylous cases, pin pollen 
pollinates thrum stigmas and vice versa. In part this is 
due to the position of the anthers inducing quite differ¬ 
ent placements of pollen on the body of a visiting in¬ 
sect (Wolfe and Barrett 1989). Usually this involves 
different positions on the visitor’s proboscis, so that 
thrum pollen is placed high up the tongue, near the 
face, of a bee or hoverfly or bombyliid fly, and thus is 
deposited on the pin stigma of another flower. In most 
cases, however, there is also self-incompatibility, so 
that even if pin pollen does land on a pin stigma, it will 
not fertilize the flower. Thus, the physical placement 
by the visitors can be seen as an “extra” that helps 
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Figure 3.10 Pin and thrum variation in Primula 
flowers: (A) face view of thrum flower; (B) cut¬ 
away of thrum flower; (C) cut-away of pin 
flower. (See also plate 6.) 


Occurrence of Heterostyly in Well-Studied Plants 


Family 

Genus 

Common name 

Distylous 

Primulaceae 

Primula 

Primrose, cowslip, 
oxlip 


Hottonia 

Water violet 

Boraginaceae 

Pulmonaria 

Lungworts 


Cordia 

Manjack 


Lithospermum 

Gromwell 

Oleaceae 

Forsythia 

Forsythia 


Jasminum 

Winter jasmine 

Menyanthaceae 

Menyanthes 

Bogbean 


Nymphoides 

Fringed water lily 

Rubiaceae 

Galium 

Arcytophyllum 

Coussarea 

Psychotria 

Mussaenda 

Palicourea 

Bedstraw 

Erythroxylaceae 

Erythroxlum 


Linaceae 

Linum 

Flax 

Lamiaceae 

Chloanthes 


Tristylous 

Oxalidaceae 

Oxalis 

Sorrel 

Lythraceae 

Lythrum 

Purple loosestrife 

Pontederiaceae 

Eichhornia 

Water hyacinth 


Pontederia 

Pickerel weed 
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reduce the clogging of stigmas with unsuitable pollen, 
but it carries the cost that most plants can at best fertil¬ 
ize only half (or one-third) of the population. It also 
affects visitor handling time, for example in Jasminum 
(J. Thomson 2001a), where bees and bee-flies spent 
less time handling short-styled flowers compared with 
long-style flowers. 

Further variants also occur, where there is hetero- 
morphy without heterostyly. A number of plants, such 
as sea lavenders ( Limonium ) and thrifts ( Armeria ), 
have two flower types but with similar style lengths, 
the differences residing only in the sculpturing of the 
stigmatic surface and of the pollen grains. There are 
cob stigmas (resembling corn-on-the-cob) and papil¬ 
late stigmas, with smaller cone-like protrusions, and 
the two types of pollen are even more distinctive, the 
“cob” pollen having larger scale patterning (fig. 3.11). 

The genetic controls of these systems are rather 
simple. There are two alleles at a single gene in Prim¬ 
ula and other pin-and-thrum plants, with thrum plants 
having one of each allele and pin plants having two 
copies of the same allele. In the tristylous plants there 
are two genes, each with two alleles. 

The evolutionary origins of heterostyly are not en¬ 
tirely clear, with alternative theories from D. Charles- 
worth and Charlesworth (1979) and from D. Lloyd and 
Webb (1992) that vary in the sequence in which char¬ 
acteristics were acquired; the former authors viewed 
inbreeding avoidance as the main selective force, the 
latter proposed that selection for efficient crossing is 
preeminent, so that incompatibility systems come into 
play only later in the evolutionary sequence. Barrett 
and Harder (2006) summarized this argument and the 
evidence in favor of Lloyd and Webb’s view. Hetero¬ 


styly occurs in diverse taxa, with no obvious phyloge¬ 
netic pattern except that it is absent in the more phylo- 
genetically basal angiosperm groups and absent in the 
most advanced groups such as orchids and compos¬ 
ites. Most commonly it occurs in tubular and radially 
symmetrical flowers pollinated by insects, which have 
relatively low numbers of stamens, and it seems highly 
likely that heterostyly has evolved convergently sev¬ 
eral times, aided by its very simple genetic control. 
This control system may also explain its tendency to 
break down rather easily; a number of heterostylous 
plants have reverted to homostyly and lost any self¬ 
incompatibility, either within certain populations (e.g., 
some primroses [Piper et al. 1984]) or across most pop¬ 
ulations of a species. In the case of Eichhomia cras- 
sipes, reversion has helped a species to become a perni¬ 
cious invasive weed (Barrett et al. 1989). Simplicity of 
control and easy reversions might also partly explain 
reported cases of almost continuous variation in style 
length, notably in Narcissus. However, in Spain (the 
center of diversity for this genus) Barrett et al. (1996) 
found that different populations of several Narcissus 
species were always either mono-, di-, or trimorphic 
for style length and never continuous. 

A final kind of herkogamy that is relevant here is 
enantiostyly. Here the style is sharply deflected to 
right or left of the main floral axis, usually in pollen- 
only flowers with no nectar, such as Cassia (fig. 2.5), 
or in large pendant flowers, such as Hibiscus and 
Gloriosa (fig. 3.12A). There may be one type of flower 
(left or right), or more commonly two with mirror- 
image organizations (fig. 3.12B). In the latter case 
these may be present within the same plant (monomor- 
phic enantiostyly) or on separate plants (dimorphic). 
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Hibiscus 


Gloriosa 




Figure 3.12 (A) Enantiostyly in Hibiscus schizo- 
petalus and in Gloriosa superba with the stigma 
sharply curved to one side (redrawn from En- 
dress 1994; see also plate 12). (B) Diagram¬ 
matic view of different types of enantiostyly, 
with L and R referring to the left and right side 
displacement of the styles (redrawn from Bar¬ 
rett et al. 2000). 


only the second of these being a true genetic polymor¬ 
phism (Lin and Tan 2007) seemingly controlled by a 
single locus, with the right-styled orientation often the 
dominant one. Neither type is common, and dimor¬ 
phic enantiostyly has arisen independently in just 
three or four taxa, all monocots (Jesson and Barrett 
2002). Sometimes the style deflection is accompanied 
by anther deflections (reciprocal enantiostyly). The 
probable advantages of enantiostyly are protection of 
the style (from forceful hovering visitors and from 
interference by male organs) and also an increased 


chance of delayed selfing as a reproductive assurance 
strategy. Jesson and Barrett (2005) further showed that 
enantiostyly increased the precision of cross-pollina¬ 
tion in bee-pollinated Solarium and thus reduced 
geitonogamy. 

These systems of heterostyly and enantiostyly are 
compared schematically in figure 3.13, together with a 
third possibility in which stamens are constant but 
styles vary in position (stigma-height dimorphism); 
the figure also shows the intermorph matings that 
result. 
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A. Distyly 



L S 


B. Tristyly 



Figure 3.1 3 A diagrammatic comparison of the four 
main kinds of style variations and of the inter- 
morph pollen movements that occur and that tend 
to maintain the polymorphisms with equal fre¬ 
quencies. (Redrawn from Barrett et al. 2000.) 


C. Stigma-height 
dimorphism 



D. Enantiostyly 



Genetic Separation by Self-Incompatibility 

An alternative way to avoid selfing in angiosperms in¬ 
volves self-incompatibility (SI) mechanisms, whereby 
a cellular physiological mechanism operates at or be¬ 
yond the stigmatic surface and prevents self-pollen 
from delivering gametes to fertilize the ovules. This 
process requires a system for recognizing and discrim¬ 
inating between self and nonself, an ability that is not 
uncommon in living organisms across all the phyloge¬ 
netic kingdoms. However, in most taxa, it involves the 
rejection of nonself (as, for example, in animal defens¬ 
es against diseases), whereas plants with SI systems 
most unusually discriminate against self, rejecting 
self-pollen and encouraging nonself-pollen. 

SI is controlled by a single genetic S locus with 
many alleles and is mediated by chemical recognition 
systems operating between the pollen and stigma. The 
presence in the haploid generative cell of the pollen 
grain of one allele identical to either of the alleles in 
the recipient stigma will block pollen tube growth. The 


main SI mechanisms (GSI and SSI, see below) are pr- 
ezygotic in function, that is, they operate to prevent 
fertilization; when the same allele is present in pollen 
and stigma, regardless of whether the pollen is from 
the same plant or from another plant within the same 
population, fertilization cannot occur. 

SI is now reported in nearly 40% of all angiosperm 
species (probably including up to two-thirds of grasses 
[Grime et al. 1988]) across more than a hundred fami¬ 
lies. However, it is also frequently lost in plant lin¬ 
eages, because it is chiefly controlled at the single S 
locus, where any variation collapses when there is a 
transition to self-compatibility. 

At present, several different systems of self¬ 
incompatibility are recognized, with variants also oc¬ 
curring, and classification systems differ between au¬ 
thors. However, for our purposes it is appropriate to 
consider two main systems, gametophytic and sporo- 
phytic, along with a third that is more problematic. The 
topic has been usefully reviewed by Barrett (1988), Ta- 
kayama and Isogai (2005), A. Allen and Hiscock (2008), 
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and Igic et al. (2008), all drawing attention to the oc¬ 
currence of several different mechanisms at the ge¬ 
netic, molecular, and cell-signaling level. In the future, 
as more species are categorized, the classification of 
SI types is likely to be revised, and the distinctions 
made below may be abandoned. 

Cametophytic Self-Incompatibility 
Included within gametophytic self-incompatibility 
(GSI) is a range of mechanisms by which the pollen 
tube is recognized and rejected as it grows, most com¬ 
monly while it is within the style and before it reaches 
the ovule. It is only the haploid genome of the pro¬ 
geny that determines compatibility, hence the term 
“gametophytic SI.” The pollen tube, which contains 
the gametophyte nuclei, either bursts, ceases to grow, 
or just grows very slowly. In species of poppy ( Pa- 
paver ) and in the evening primrose Oenothera organ- 
ensis, both of which have been especially well stud¬ 
ied, the S locus seems to be truly polymorphic, with 
some 25—45 alleles in most natural populations. 
O’Donnell and Lawrence (1984) estimated that in a 
wild Papaver population, any one plant was fully 
compatible with about 80% of the others but entirely 
unable to breed with perhaps 5%, most of those being 
its near relatives and presumably sharing the same S 
allele genotype. 

In the grasses (Poaceae) a slightly different gameto¬ 
phytic SI system operates, with two interacting multi- 
allelic loci, S and Z, and here self-pollen is recognized 
and blocked at the stigmatic surface. A few other mul¬ 
tilocus systems have also been identified, involving 
three (buttercup. Ranunculus acris ) or four (sugarbeet, 
Beta vulgaris ) loci, each with several alleles. In all 
these cases the alleles at each locus must be the same 
in the pollen and in the stigma for rejection to occur, so 
the number of plants with which any one individual 
can breed is increased. 

McClure and Franklin-Tong (2006) reviewed GSI, 
identifying two different mechanisms operating at the 
cellular level. In the Solanaceae, Rosaceae, and Scro- 
phulariaceae, there is a ribonuclease (,S'-RNAase) as 
the style S-component and an F-box protein as the pol¬ 
len S-component, so that the pollen tube RNA gets de¬ 
graded; whereas in the Papaveraceae, there is a small 
peptide secreted as the style S’-component, and the pol¬ 
len component may be a transmembrane receptor that 
triggers a calcium-ion cascade leading to cell death. 
The Poaceae system is probably different again, and in 


this rapidly advancing field yet more mechanisms are 
certain to be described. 

Sporophytic Self-Incompatibility 
In sporophytic self-incompatibility (SSI) the pollen 
growth is always arrested at the stigma surface, and 
the system therefore involves rejection of the pollen 
grain rather than of the growing pollen tube. The 
mechanism is termed “sporophytic” because the pol¬ 
len grain exhibits not only the potential incompatibil¬ 
ity of the S allele in its nucleus, but also the incompat¬ 
ibility reaction of the other S allele present in its parent 
(i.e., in the sporophyte), apparently by having these 
S-gene protein products embedded on or in the pollen 
wall. Hence the parent diploid genotype determines 
overall compatibility. The recipient (female) stigmatic 
surface recognizes and responds (at least in some cases 
via a receptor kinase) to this specific protein on the 
pollen wall, so that the grain either fails to germinate 
or is blocked just as the incipient pollen tube starts 
to penetrate the stigma. Sporophytic SI is therefore 
very fast-acting and efficient, and it is particularly 
characteristic of two large and successful families, the 
crucifers (Brassicaceae) and the composites (Aster- 
aceae). Again a single genetic locus with multiple al¬ 
leles is implicated (Hiscock and Mclnnis 2003), al¬ 
though there may be perhaps 17 genes within the 
Brassica SSI locus. There are usually only two alleles, 
but occasionally far more (e.g., at least 24 alleles have 
been suggested for Sinapis species; Ford and Kay 
1985). 

Late-Acting Self-Incompatibility 

Late-acting self-incompatibility (LSI) incorporates a 
range of examples in which incompatibility acts at a 
late stage: as the pollen tube enters the embryo sac or 
even after fertilization has occurred, in which case the 
embryo is aborted. It was first observed in cocoa 
(Theobroma) (Cope 1962), and Seavey and Bawa 
(1986) drew attention to many cases in the literature 
where selfed flowers did not yield fruits even though 
the self-pollen tubes grew freely down the style and 
penetrated ovules; they called the phenomenon late- 
acting self-incompatibility. LSI mainly operates 
postzygotically, unlike GSI and SSI. It is now known 
to occur in a broad spectrum of plants, especially some 
legumes and a range of tropical woody plants in the 
Bignoniaceae and Bombacaceae (Gibbs and Bianchi 
1993). These trees can afford the apparently expensive 
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habit of waiting until fertilization to initiate fruit 
abortion, since like many longer-lived plants they pro¬ 
duce far more flowers than could ever mature into 
fruits, and they naturally undergo abortions for many 
reasons in different times and places. 

It is not entirely clear whether LSI is different in 
kind from the “natural” abortion of many embryos al¬ 
ready mentioned as a common phenomenon in plants 
undergoing excessive selfing and thus with deleterious 
recessive alleles (genetic load). However, A. Allen and 
Hiscock (2008) hypothesize that LSI may be a phylo- 
genetically basal kind of SI mechanism in flowering 
plants. 

In reviewing SI systems, it is evident that relatively 
few plants have been examined in sufficient detail, and 
it is impossible to be sure of the patterns of occurrence 
or of evolutionary origins for the various mechanisms. 
However, it is clear that various SI systems are very 
efficient as regulators of the breeding system, allowing 
a plant to cross with most of its near neighbors while 
avoiding being fertilized by gametes from its own pol¬ 
len or that of a near relative. SI systems are therefore 
particularly suited to plants normally pollinated by ex¬ 
ternal agents, such that the plant cannot choose its own 
mates. But the boundaries between antiselfing sys¬ 
tems are actually rather blurred. Certainly some plants 
with an identified SI system successfully avoid any 
selfing, but others appear to be only partially self-in- 
compatible, especially in the borage family (Karoly 
1994). Furthermore, in a few examples from the Bor- 
aginaceae and Onagraceae and in wallflowers ( Cheir- 
anthus), there is an additional form of SI, cryptic, 
where selfing may often occur but is rarely successful 
because any cross-pollen that lands on the stigma will 
germinate and grow more quickly (R. Bowman 1987) 
and so outcompete the self-pollen. This is very proba¬ 
bly a quite common way of avoiding the drawbacks of 
selfing, and underlines again the rather fuzzy borders 
between physiological SI and some of the built-in side 
effects that result from the disadvantageous effects of 
selfing. 

5. Methods for Avoiding Selfing between 
Flowers within a Plant 

If a zoophilous plant is multiflowered, a trait that may 
be essential to get a big enough display to attract any 


pollinators, there is a substantial risk that a visiting 
animal will go from one flower to another on the same 
individual, and there would then effectively be no out- 
crossing between plants even though pollen is moving 
between flowers. As far as the plant is concerned, this 
particular form of selfing (geitonogamy) is genetically 
no different from, and no better than, selfing within a 
flower (autogamy). 

Of course one advantage of SI mechanisms to con¬ 
trol selfing is that they work just as well for the whole 
plant as they do for individual flowers, so for about a 
third of plant species, geitonogamy is avoided using 
the poststigmatic internal mechanisms described in the 
previous section. However, SI systems do not prevent 
reception of self-pollen, which can still be detrimental 
to the plant, potentially clogging up the stigma and 
preventing outcross pollen tubes from growing. Self- 
pollination in a self-incompatible plant also under¬ 
mines the male function of the flower, since that pollen 
could have been better used to sire seeds on conspe- 
cific plants. Hence measures to avoid self-pollen depo¬ 
sition beyond relying on SI may still be useful and ap¬ 
propriate (Bertin 1993; Snow et al. 1996). 

Just how important geitonogamous selfing is as a 
selective agent remains controversial. Some authors 
argue that it does indeed markedly reduce reproduc¬ 
tive success in plants, producing high selfing rates in 
many self-compatible species and reduced seed-set in 
many SI species. However, the likelihood of geitonog¬ 
amous pollen transfer may often be rather low and 
should clearly vary between species in relation to cer¬ 
tain key variables: 

1. The number of open flowers on the plant (most 
plants have few flowers at a time) 

2. The behavior of the flower visitors (most pollina¬ 
tors visit even fewer flowers per plant than are 
available, but the ordering of their flower visits 
within a plant may be crucial [Karron et al. 2009]) 

3. The level of pollen deposition on each visit (with 
significant pollen carryover from previously visit¬ 
ed individuals (see above and Robertson 1992), 
which also varies with visitor type 

4. Local plant density. 

While the “risk” of geitonogamous selfing can 
therefore be reduced by adjusting these factors, it can 
also be almost entirely avoided in several additional 
ways by appropriate flower design, covered briefly be¬ 
low. Chapter 21 will explore these issues in more 
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depth, since they can have a major influence on flower¬ 
ing behavior in plants. 

Temporal Separation of Male and Female Parts 

Temporal separation, either protandry or protogyny, as 
described in Methods for Avoiding Selfing within a 
Flower, could be effective for a whole plant as well as 
for individual flowers, but this would require that all 
the flowers that were open at any one time were in the 
same sexual phase. In practice this is rather unusual 
except in some composites, umbellifers, and a few 
tropical plants (Webb and Lloyd 1986). Where syn¬ 
chrony does occur, and particularly where there are 
multiple flowers in an inflorescence, the switch from 
one phase to the other usually requires a trigger rather 
than occurring automatically as the flower matures. 
For example, in Aster complete removal of pollen is 
necessary before the florets expose their stigmas. In 
umbellifers too, stigmas in one umbel generally only 
become receptive when all the flowers have passed the 
staminate phase (T. Richardson and Stephenson 1989; 
M. Proctor et al. 1996) and there is synchronous devel¬ 
opment within each successive order of umbels (i.e., 
from the early-opening central primary umbel to the 
subsequent secondary and tertiary outer rings of um¬ 
bels; Cruden and Hermann-Parker 1977; table 2.4); 
hence visitors may in principle choose between male 
(pollen and nectar) and female (nectar only) umbels 
(e.g., Davila and Wardle 2007). Another way to achieve 
temporal separation occurs in longer-lived plants that 
are unisexual at any one time but change sex within a 
year or between years, giving rise to the sequential 
hermaphrodite condition (McDade 1986; Cruden 
1988). 

For most plants with solitary flowers, or with less 
tightly organized inflorescences, and where flowering 
periods are longer than a few days, it is disadvanta¬ 
geous to have all the flowers at the same age and same 
sexual stage at once. It is then that spatial mechanisms 
come into play. 

Spatial Separation of Male and Female Parts 

Even if the flowers on a plant are not all synchronized 
in the same sexual phase, selfing may still be partly 


avoided by spatial patterning of flower age combined 
with manipulation of a visitor’s behavior. A common 
strategy is to have younger male flowers at the top of a 
spike-shaped inflorescence, and older female ones 
lower down, or (less commonly) vice versa. Many fa¬ 
miliar spiked garden plants, such as Delphinium, Aco- 
nitum, and Corydalis, are strongly protandrous and 
also open their flowers sequentially from the base up¬ 
ward. Thus for most of their flowering period they 
have young male flowers at the top of the spike and 
older, female-phase flowers basally. This very neatly 
exploits the tendency of many visitors, especially bees, 
to work upward on spikes (Corbet et al. 1981; Kudo et 
al. 2001). A bee leaves a plant at the top, carrying pol¬ 
len from the fresh male flowers it has just visited and 
lands at the base of another plant, where it deposits 
that pollen on fresh stigmas in the older female-phase 
flowers (fig. 3.14). The same phenomenon can occur 
with other pollinators, and Jersakova and Johnson 
(2007) specifically tested the effects with a moth-pol¬ 
linated orchid, manipulating levels of protandry and 
showing much greater geitonogamy on upper flowers 
of the artificially nonprotandrous inflorescences. 

Plants using this strategy may also control visitor 
movements more explicitly by having differential nec¬ 
tar rewards in each flower phase (chapter 8), that is, 
higher rewards in the basal flowers, with progressively 
lower nectar volumes higher up the spike that are still 
acceptable to the bee since it does not have to move far 
to reach successive flowers. 


Specific Mechanical Blocking Systems 

Although rare, there are occasional examples where 
plants can physically block self-pollen from landing 
on a stigma on the same plant. One particularly neat 
case occurs in the orchid Eulophia foliosa, which is 
pollinated by elaterid beetles (Peter and Johnson 
2006). Flere there is an anther “cap” that remains on 
the pollinarium after it has been picked up by a beetle, 
the retention time being on average about 5 minutes. 
The residence time of a beetle on an inflorescence av¬ 
erages around 6.5 minutes (though it is somewhat de¬ 
pendent on humidity), so that the cap does not usually 
fall off (and thereby allow the pollinarium to fit on to a 
stigma) until after the beetle has left the plant where it 
first picked up the pollen. 
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Figure 3.14 The principle underlying the advantages of upward movement by animals during visits to flower spikes 
that open from the bottom sequentially and that have protandrous flowers so that the upper younger flowers are 
male-phase. 


Reversion to Single-Sex Flowers 

For a plant in which geitonogamy is too much of a 
problem, the ultimate solution is to switch to separate- 
sex flowers. Having separate male and female flowers 
on one plant (monoecy) clearly only partly solves the 
problem of selling, and geitonogamy can persist. In¬ 
termediate conditions, with separate sex flowers oc¬ 
curring on the same plant as hermaphrodite flowers 
(table 3.1), can in some cases improve matters, but 
having separate male and female plants (dioecy) is 
the only way to completely eliminate geitonogamous 
selling. 

Monoecy characterizes about 10% of all plant spe¬ 
cies; it is most widespread in the familiar temperate 
tree families and genera, including hazel, birch, beech, 
oak, sallow, poplar, hornbeam, and witch-hazel, nearly 
all of which are also protogynous. Most conifers are 
also monoecious, so that in terms of biomass (with 
most of the temperate and boreal forests contributing), 
it is evident that monoecy is extremely important. Di¬ 
oecy is present in quite high proportions in a few fami¬ 
lies, such as Euphorbiaceae and Cucurbitaceae, but 
overall in only about 5%-7% of all angiosperm spe¬ 


cies. A rather smaller percentage of the temperate 
floras are dioecious (notably including willows, hol¬ 
lies, and nettles). Habitat-related effects are therefore 
apparent for both kinds of unisexuality: higher levels 
of dioecy occur in Mediterranean shrubs, and the oc¬ 
currence is even higher in tropical forest trees (up to 
ll%-30% in tropical habitats generally, with particu¬ 
larly high levels in the Neotropics) and also higher on 
isolated islands (table 3.7 and chapter 27), whereas 
monoecy is more common in temperate than in tropi¬ 
cal habitats. These values come mainly from Bawa 
(1980a), who conducted a detailed review. Renner and 
Ricklefs (1995) produced a survey with phylogenetic 
corrections, revealing some further patterns, which are 
summarized in table 3.8. 

Among herbaceous taxa, sexuality is more varied 
than in trees and shrubs, with monoecious and dioe¬ 
cious species occurring sporadically, even in the same 
subfamily and genus as hermaphrodite species. 

An advantage of monoecy is the ability to vary the 
proportions of male and female flowers and, in some 
cases, to change this ratio facultatively with age or en¬ 
vironment. Older plants may more easily support fruits 
and so have more female flowers, while young plants 
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Table 3.7 

Occurrence of Dioecy in Plants in Relation to Habitat 


Location % dioecy 


Tropical forest 

Costa Rica, lowland 23 

Panama, lowland 9 

Venezuela, montane 31 

Temperate, Mediterranean, and semi-arid 

USA 4 

UK 3 

California 3 

South Australia 4 

India 7 

Island 

Jamaica, montane forest 21 

Hawaii 28 

New Zealand 1 3 


Source: Modified from Bawa 1980a, 1990, and others. 

Table 3.8 

Dioecy in Relation to Plant Group, Mode of 
Pollination, and Geographical Occurrence 


Plant Group (percentage distribution) 

Monocots 5% 

Dicots 8% 

Mode of pollination (percentage distribution) 

Insect pollinated 5% 

Vertebrate pollinated <1 % 

Abiotically pollinated 21% 

Geographical occurrence (number of genera) 

Old World tropics 402 

New World tropics 21 7 

Pantropical 86 

Temperate 149 

Other (mainly Australasia) 75 


Source: From Renner and Ricklefs, 1995. 


probably do better to invest in pollen as a contribution 
to the next generation. In general, male flowers are 
larger and showier than female flowers (Bawa 1980a; 
Givnish 1982; Q. Kay and Stevens 1986; Vamosi and 
Otto 2002; but see Flower Sex and Flower Design in 


chapter 2), though both male and female flowers tend 
to be markedly smaller and less conspicuous than 
hermaphrodite flowers in close relatives. The greater 
attraction of male flowers is crucial for unisexual 
plants (often being enhanced by early flowering and 
longer flowering period), since pollinators must visit 
males before they go to females, and male flowers 
normally benefit from many visits whereas a female 
flower may be fully pollinated by just one visit. It is 
often difficult to see why visitors go to the female 
flowers at all, as these have no pollen reward and often 
have much less nectar (chapter 8); so one solution for 
the plant is intersexual mimicry, whereby females re¬ 
semble males as much as possible so that visitors can¬ 
not discriminate between them (chapter 23). Vamosi 
and Otto (2002) pointed out that species with showy 
male flowers may be at greater risk of extinction in 
years with poor pollinator availability and that this 
may be another reason why dioecious plants are un¬ 
common relative to hermaphrodites. 

Reversion to monoecy may be rather rare; the dis¬ 
tribution of the condition in modern plants suggests 
that it is often ancestral (in most trees, sedges, and per¬ 
haps aroids) rather than secondary. In contrast, evolu¬ 
tion of dioecy from hermaphrodite flowers has evi¬ 
dently happened rather often, even though it requires 
each plant to reduce its reproductive potential by half. 
Removing the possibility of selling may be part of the 
reason, but avoidance of stigmatic blocking by “clog¬ 
ging” with self-pollen may be even more important. 
Possibly, plants with small flowers are particularly 
likely to revert, since they are less able to avoid selfing 
by spatial arrangements (Proctor et al. 1996). Rever¬ 
sion also seems to occur more often in heterostylous 
plants, perhaps because many insect visitors become 
unable to reach the pin anthers or the thrum stigmas 
(Beach and Bawa 1980; Muenchow and Grebus 1989). 
However, D. Charlesworth (1993) argued that dioe¬ 
cious flowers could readily arise in species whenever 
pollen is not itself an attractant. Hence they might be 
selected for in almost any plant that is not normally 
bee pollinated; as soon as a plant is freed from the con¬ 
straint of attracting bees, it can revert to smaller and 
cheaper and eventually unisexual flowers, perhaps 
passing through a gynodioecious stage with both fe¬ 
male and hermaphrodite flowers on some plants 
(B. Charlesworth and Charlesworth 1978). This inter¬ 
pretation remains controversial because most of the 
examples where it might apply are close relatives of 
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hermaphrodites; furthermore, it cannot easily explain 
dioecy in large taxa such as willows, hollies, some 
aquatic plants, and many tropical-forest tree taxa. 

Summarizing this section, it should be clear that avoid¬ 
ance of selling can be seen as a key factor in the evolu¬ 
tion of plant life-cycles (monoecy and dioecy), of 
self-incompatibility, of flowering patterns (male and 
female phases, often spatially organized on the plant, 
and few open flowers per day), and of floral design 
(separation of male and female organs). These kinds of 
selective pressure have been invoked repeatedly since 
Darwin’s insights into floral biology (1876) and repre¬ 
sent major themes over the following 130 years in the 
pollination literature, as reviewed by D. Charlesworth 
and Charlesworth (1987), de Jong et al. (1992, 1993), 
and Snow et al. (1996). 

6. Methods for Ensuring Selfing 

Many species of plant that normally outcross are self- 
fertile and will use selfing as a backup (reproductive 
assurance) if cross-pollination fails. A common way of 
doing so is via the differential growth rates of self- and 
cross-pollen tubes (Stephenson and Bertin 1983), so 
that any cross-pollen received will “win” against com¬ 
peting self-pollen by reaching the ovules first; but if no 
cross-pollen is received, the self-pollen will achieve 
fertilization. Another method is for the stigma lobes to 
begin their period of open receptivity very distant from 
(and usually above) the flower’s anthers, but then to 
bend down later in their life if they have not received 
any pollen, so arriving in a position to be selfed as a 
last resort. This process is well documented in bell¬ 
flowers ( Campanula , Faegri and van der Pijl 1979). 

A more extreme version of facultative selfing when 
crossing has failed occurs at the plant, rather than the 
single-flower, level. Some plants have two different 
kinds of flowers (i.e., the flowers are dimorphic): those 
in the early season being open and attractive to visitors 
and incapable of selfing, and those maturing later be¬ 
ing closed and relatively cryptic. The latter are termed 
cleistogamous flowers (normal flowers being chas- 
mogamous), and they are reviewed by Culley and 
Klooster (2007). Classic examples are the woodland 
violets (Viola) of Eurasia, which have attractive sweet¬ 


smelling flowers in early spring and are visited by the 
relatively few pollinators active at that time but which 
in later months produce small, closed-up flowers that 
are entirely self-pollinating and mainly hidden beneath 
the foliage (Beattie 1969), thus ensuring at least some 
seed set. (Note, however, that Rocky Mountain Viola 
species showed no relation between allocation to cleis- 
togamy and flowering time [Forrest and Thomson 
2008], although there was more cleistogamy in the 
larger plants). A number of other plants, such as the 
wood-sorrels ( Oxalis ) and some short-lived legumes 
and grasses, behave rather like European violets, and 
some form of cleistogamy is now known in nearly 700 
species across 50 families, particularly in association 
with heterogeneous environments. 

A few plants are unusual in having “deliberate” 
selfing mechanisms, either as their sole pollination 
mechanism as they age or as mechanisms that come 
into play only when visitation has not occurred. An 
example of the former is the orchid Holcoglossum 
amesianum , where the anther rotates through 360° to 
place its own pollinia into the stigma. In this species 
no visitation apparently occurs, and the plant grows in 
windless, insect-scarce habitats; it probably has no 
other options than selfing (K. Liu et al. 2006). An¬ 
other case is Caulokaempferia coenobialis (Zingiber- 
aceae), where a pollen “drop” is automatically re¬ 
leased from the freshly dehiscing anther on to the 
horizontal style below, forming an oily film with en¬ 
tangling threads; this film then gradually slides toward 
the stigma over the next 9-24 h and provides a de¬ 
layed self-pollination mechanism as backup, visits by 
pollinators again being extremely rare in this plant 
(Y. Wang et al. 2005). Examples of facultative delib¬ 
erate selfing include Incarvillea sinensis, which is 
normally bee pollinated, where the abscising corolla 
with adherent stamens from an unvisited ageing flow¬ 
er is dragged by wind as it droops, so allowing pollen 
to contact the stigma (Qu et al. 2007); and Mimulus 
verbenaceus, where the senescing corolla drags an¬ 
thers down over the style by its own weight as it ab¬ 
scises (Vickery 2008). In the orchid Cyrtopodium 
polyphyllum, accumulating rainwater on the stigma 
dissolves the adhesive material to form a droplet of 
sticky fluid that contacts the pollinia, and subsequent 
evaporation moves the pollen grains back onto the 
stigma (Pansarin et al. 2008). 


Chapter 4 

EVOLUTION OF FLOWERS, POLLINATION, 
AND PLANT DIVERSITY 


Outline 

1. The Origin and Early Evolution of Flowers 

2. The Diversification of the Angiosperms 

3. The Advantages of Animal Pollination 

4. Pollination, Floral Variation, Plant Speciation, 
and Plant Diversity 


1. The Origin and Early Evolution 
of Flowers 

Animals of various kinds must have been interacting 
with green plants—both for shelter and to find food— 
almost as soon as land plants evolved. Any foliage 
would provide some shelter, both in terms of alleviat¬ 
ing the microclimatic conditions and by offering some 
possibility of hiding from predators. It would also of¬ 
fer decomposing plant material as potential food, 
where microorganisms had already softened and par¬ 
tially digested the plant walls. However, eating fresh, 
green plant tissue was a later development, as true 
herbivory is a difficult skill that requires modifications 
to the gut to extract the maximum nutrition from rath¬ 
er poor-quality food and the specialization of mouth- 
parts to pierce or chew the tough outer layers of cel¬ 
lulose or lignin that protect and support terrestrial 
plants. 

Coming into close association with plants would 
provide new opportunities for some animals, and from 
the late Silurian period some taxa of insects were eat¬ 
ing, and probably inadvertently dispersing, various 


kinds of plant spores, a habit that was commonplace 
by the late Carboniferous period, 300 million years 
ago (MYA). For example, some seed ferns had very 
large spores, which were probably too big to have 
been wind-borne and would have been spread via ani¬ 
mal fur or in feces. Animal-mediated “pollination” in 
the very loosest sense may therefore have occurred 
well before “modern” flowers appeared, in groups of 
seed plants that are now extinct. Some insects still 
feed primarily on fungal and moss spores today, in¬ 
evitably also helping to distribute them indiscrimi¬ 
nately and so occasionally to move gametes between 
individuals. 

Gymnosperms, a taxonomically loose term for all 
the seed plants other than the flowering plants, domi¬ 
nated the land for at least 200 million years and evolved 
a range of reproductive systems that could provide the 
starting point for more specific and targeted modern 
floral pollination. Most groups of nonangiosperms to¬ 
day use abiotic pollination to move male gametes be¬ 
tween plants (as did most of those that are now ex¬ 
tinct). The conifers, by far the largest surviving order 
of gymnosperms, have reproductive structures orga¬ 
nized in unisexual cones, either on the same tree or 
separate trees, and all are essentially wind pollinated, 
producing copious pollen that is captured on a sticky 
pollination fluid near the micropyle of the ovule in 
female cones (chapter 19). 

So where and when did the transition from wind to 
animal vector occur? Culley et al. (2002) reviewed the 
patterns of evolution of wind pollination in angio¬ 
sperms and found anemophily to be associated with 
small simple flowers and rather dry pollen, as well as 
with certain environmental conditions (see table 4.1 
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Table 4.1 

The Traits and Environments Associated with Wind Pollination and Biotic Pollination 



Wind pollination 

Biotic pollination 

Floral morphology 

Flower location 

Held apart from vegetation 

Variable 

Inflorescence structure 

Pendant, often condensed 

Highly variable 

Flower structure 

Simple, small 

Showy, often large 

Flower sex 

Usually unisexual 

Usually hermaphrodite 

Perianth 

Absent 

Showy 

Stigmas 

Feathery 

Simple 

Pollen 

10-50 pm diam.; usually dry 

Very variable size; not dry 

Stamens 

Long 

Variable 

Nectaries 

Absent 

Present 

Fragrance 

Absent 

Usually present 

Eiabitat 

Plant density 

Moderate to high 

Low to high 

Plant diversity 

Low 

Low to high 

Windspeed 

Low to moderate 

None to low 

Rainfall 

Infrequent 

Rare to common 

Humidity 

Low 

Low to high 


for an overview), including a moderate density of 
plants with low diversity, and moderate wind speeds in 
a fairly dry climate. These conditions probably did ex¬ 
ist during the early phases of flowering-plant evolu¬ 
tion, and subsequent changes in these conditions may 
have favored biotic pollination or zoophily. Changes 
between the two pollination types may still occur, of¬ 
ten via an intermediate or transitional state, when both 
wind and insects have a pollen-transferring effect (am- 
bophily, perhaps a more common condition than is 
usually recognized). But exactly where and when bi¬ 
otic pollination arose is still uncertain. As figure 4.1 
shows, there are actually three groups of land plants 
that use animal pollination, and two of them are “old¬ 
er” and rather unfamiliar taxa—the cycads, or tree 
ferns, and a tiny group of gymnosperms known as the 
gnetaleans, both of these groups normally being dioe¬ 
cious. It is therefore quite likely that animal pollina¬ 
tion arose at least twice, each time in a different group 
(Norstog 1987; D. Lloyd and Wells 1992; Labandeira 
et al. 2007). 

Within the tree ferns, wind may play the major pol¬ 
linator role in the family Cycadaceae, whereas in the 


family Zamiaceae wind just moves pollen to the edges 
of the cone-like flowers (fig. 4.2A; plate 36B), but in¬ 
sects, especially small beetles and occasionally thrips, 
are attracted to these cones by the sticky pollination 
fluid (Norstog 1987), which contains sugar and amino 
acids, and the animals thus help to move the pollen in 
to the ovules. Animal-pollinated cycads certainly also 
exist (e.g., Kono and Tobe 2007) and have different 
scent profiles from anemophilous species (Pellmyr et 
al. 1991), and cycad toxins, such as cycasin, may also 
play some role in attracting the pollinating animals 
(Schneider et al. 2002). Terry et al. (2007) reported a 
role for cone warmth in attracting pollinators to cy¬ 
cads, the heat from the plant tissue interacting with 
odor signals, although this thermogenic effect is ab¬ 
sent in the isolated African cycad genus Stangeria, 
where the cones appear to mimic the scent of ferment¬ 
ing fruits and thereby attract pollinating sap beetles 
(Proches and Johnson 2009). 

In the Gnetales the three known genera are Gnetum 
(from the tropics), Welwitschia (only from the Namib 
Desert), and Ephedra (from various Mediterranean cli¬ 
mate zones). In the first two genera, wind pollination 






90 • Chapter 4 


Cycads 


Conifers Gnetales 


Angiosperms 


Gymnosperms 



] Abiotic pollination 
Biotic pollination 
] Unknown 


b6666M Equivocal 


Figure 4.1 A modern phylogeny of seed 
plants, indicating the occurrence of abiotic 
and biotic pollination modes; on this view, bi¬ 
otic pollination has arisen at least three times. 
(Redrawn from Pellmyr 2002, based on earlier 
sources.) 


is probably negligible, and pollen movement is cer¬ 
tainly aided by nonspecialist insect visitors. In fact in 
Gnetum, insect pollination is probably the norm (Kato 
and Inoue 1994; Momose, Ishii et al. 1998), given the 
lack of wind in tropical forests; various animals, but 
especially small moths, visit the flowers (again some¬ 
what cone-like, fig. 4.2B) to lick the sugary droplets of 
pollination fluid off the ovules, and this liquid also 
helps to trap and rehydrate the pollen. In Ephedra, 
wind pollination does occur in some species, but fly 
pollination has also been reported (Bino et al. 1984). 
We should note in passing that the Gnetales are also 
important as the potential ancestors of angiosperms 
(Doyle and Donohue 1987; P. Bell 1992) in that they 
too have the double fertilization system (chapter 3). 
Other now extinct gymnosperm groups may also have 
had more flowerlike structures (e.g., the Bennetti- 
tales) and have attracted insects, so that very unspe¬ 


cialized insect pollination was probably occasional 
even as early as the Carboniferous (A. Scott and Tay¬ 
lor 1983) and was likely to be fairly common in vari¬ 
ous Cretaceous gymnosperms (P. Crane et al. 1995; 
Labandeira et al. 2007). 

Angiosperms have flowers by definition but are 
also defined by particular vessel types in their stems, 
by pollen grains with columnar structures in their pro¬ 
tective layers (chapter 7), and by the double fertiliza¬ 
tion system. Traces of true angiosperms (Anthophyta) 
first appear in the fossil beds of the lower Cretaceous, 
around 136-130 MYA. Deposits from that period re¬ 
veal the dominance of ferns and gymnosperms, but 
among these are the first signs of angiosperm pollen, 
and fossils of angiosperm leaves and fruits of similar 
date also occur. However, an origin somewhat earlier 
than this is probable (D. Lloyd and Wells 1992), and 
from molecular studies, the earliest common ancestor 
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may indeed have to be traced back at least 190-200 
million years (D. Soltis et al. 2007). 

These first angiosperms were probably small, weedy 
herbaceous plants that appeared in tropical habitats in 
the understory of forests, only moving to higher lati¬ 
tudes after about another 20 million years, but then do¬ 
ing so very rapidly. They would probably have had 
their pollen moved mainly by wind, requiring only 
rather simple “flower” structures perhaps similar to the 
cones of the cycads and Gnetales with large extended 
stamens dispensing abundant pollen and sticky stig- 
matic surfaces. Molecular analysis has shown that the 


Amborellaceae is probably the most primitive living 
angiosperm taxon, with the Nymphaeaceae, Chloran- 
thaceae, and other minor groups as basal sister lineag¬ 
es from which the magnoliids, monocots, and dicots 
arose (appendix). The tiny flowers of the Chloran- 
thaceae (fig. 4.3) provide a likely model for those of 
the earliest angiosperms (P. Crane et al. 1995; Weber- 
ling 2007), being just a few millimeters in size and 
borne in dense inflorescences. These early bisexual 
flowers most probably originated by the appearance of 
“ectopic” ovules in the center of a male cone-like struc¬ 
ture; this is the “mostly male” hypothesis for flower 
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Figure 4.3 Perhaps the earliest angiosperm flowers, as seen in modern 
Chloranthaceae: (A) an inflorescence of Sarcandra and (B) a single 
flower; (C) the all-male inflorescence of Hedyosum, with simple flow¬ 
ers consisting of one stamen. (Redrawn from Endress 1994.) 


origins, supported by genetic and developmental evi¬ 
dence (Frohlich and Parker 2000). Glover (2007) pro¬ 
vided a review of developmental processes in relation 
to floral evolution. 

Even in these earliest forms, which were somewhat 
like a modern magnoliid in their reproductive tissue 
arrangements but without petals, some insect transport 
of pollen may well have occurred, and an element of 
insect pollination could be regarded as almost ances¬ 
tral for the angiosperms as a whole (P. Crane et al. 
1995; Friis et al. 2001; Hu et al. 2008). 


2. The Diversification of the Angiosperms 

From modern genetic knowledge, it is clear that early 
angiosperms were equipped with a high degree of de¬ 
velopmental flexibility based on a “tool kit” of floral 
genes that has been narrowed down over time. The 
early forms possessed a range of MADS genes that 
control floral organ identity, and duplications of these 
have been important in generating diverse floral forms 
(D. Soltis et al. 2007). There was clearly a rapid diver¬ 
sification among the basal angiosperms, between about 
143 and 140 MYA (M. Moore et al. 2007). And within 
about 20 million years of the initial appearance of flo¬ 
ral traits, much larger and more complex flowers in the 
Magnoliales are evident as fossils (fig. 4.4), rapidly 
followed by forms such as saxifrages, planes, and lil¬ 
ies (Crepet et al. 1991 or P. Soltis and Soltis 2004 for 
reviews). Within another 40 million years or so, the 
angiosperm pollens become hugely abundant in nearly 
all fossil beds (fig. 4.5). This suggests that the angio¬ 
sperms had strong evolutionary advantages over their 
ancestors and contemporary rivals, and it seems highly 


likely that this advantage was linked to full adoption 
and improvement of biotic pollination. A major reason 
may be that whereas structures that could reasonably 
be termed flowers appeared in both abiotically and bi- 
otically pollinated earlier plant groups, only the angio¬ 
sperms show hermaphrodite flowers. It is not entirely 
clear whether this is their primitive state, because the 
Amborellaceae family that is probably most basal is 
unisexual and the Chloranthaceae show both versions 
of sexuality; D. Lloyd and Wells (1992) assumed a bi¬ 
sexual ancestor. But hermaphrodite flowers certainly 
arose very early in angiosperm evolution and must 
have given a major spur to the development of pollina¬ 
tion systems, because a single flower could then 
achieve visitor contact with both male and female 
parts. Hence a single visit could effect both male- 
function and female-function pollination, and mani¬ 
pulation of visitor behavior could begin to pay off; 
not surprisingly, 80% of all modern angiosperms have 
hermaphrodite flowers. 

The first angiosperm flower visitors would rarely 
have achieved single-visit success, though. They could 
have included collembolans, beetles, short-tongued 
midge-like flies, and small wasps, as well as some ex¬ 
tinct groups (Endress 1987; Willemstein 1987; Gotts- 
berger 1988; Kato and Inoue 1994), though Thien et 
al. (2009) have argued that dipterans (flies) were prob¬ 
ably the first really important pollinators. Many of 
these early visitors presumably operated in a rather 
clumsy fashion, chewing at the softer parts of the flow¬ 
ers, eating the pollen, or licking at stigmatic exudates, 
as still exhibited by the pollinators in groups such as 
the Winteraceae (D. Lloyd and Wells 1992). Note that 
this may have been a significant selective pressure on 
development of protective carpel tissues around the 
previously exposed ovules and the seeds they then 
produce—this development being the defining differ¬ 
ence between gymnosperms (“exposed seeds”) and 
angiosperms (“hidden seeds”). The carpels in turn 
would enable the development of a protruding style 
above the ovules, which may have been a key factor in 
promoting pollen tube competition and in due course 
allowing the development of stylar self-incompatibility 
systems (chapter 3), such that hermaphrodite flowers 
could largely avoid self-fertilization and begin to se¬ 
lect for genetically superior pollen grains (Mulcahy 
and Mulcahy 1987). 

Thus, as long as a particular plant species was 
abundant in a given habitat, and the generalist clumsy 
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Austrobaileya scandens 


B 



Degeneria vitiensis 


Figure 4.4 Flowers of some primitive groups 
within the Magnoliales and Winteraceae. In (A) 
and (B) the stippled areas are substantial sta- 
minodes. (Parts (A), (B), and (D) redrawn from 
Endress 1994; part (C) redrawn from Proctor et 
al. 1996.) 
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Figure 4.5 The timing of major radiations in the 
land plants, with angiosperm radiation becoming 
dominant from about 120 million years ago. (Re¬ 
drawn from Lunau 2004.) 


400 


i/i 

Q ) 

'S 300 

Q. 

in 



100 


0 

150 120 90 

Million years before today 



60 








94 • Chapter 4 


visitors were likewise abundant, this kind of nonspe¬ 
cific animal-plant relationship centering on angio- 
sperm flowers would still confer an advantage over 
wind pollination (although there were probably several 
independent reversions to abiotic pollination when 
these conditions were not met [P. Crane et al. 1995; 
Friis et al. 2001]). But all these flower-eating (florivo- 
rous) behaviors are deleterious to the flower and would 
select for further floral modifications to achieve more 
efficient take-up and transport of pollen and to limit 
the amount of flower damage and the amount of pollen 
eaten. Pollen is expensive both in the reproductive 
sense of loss of gametes and in a strictly nutritional 
sense because it uses up both the nitrogen and the 
phosphorus reserves of the plant (Petanidou and Vokou 
1990; chapter 7); it is also nonrenewable. The provi¬ 
sion of an alternative food that was almost purely car¬ 
bohydrate (admittedly using up carbon reserves, but 
plants are rarely short of carbon) would be a major 
economic advantage. Hence the first nectar-producing 
flowers would get significant benefits, turning a visi¬ 
tor’s attention away from the pollen as food and offer¬ 
ing instead an ideal fuel in the form of sugars, which 
the plant could “top up” if needed. Here the early dom¬ 
inance of insects as flower-feeders would be crucial, 
since adult winged insects are usually short-lived and 
often require little else but carbohydrate as food, with 
only the larval stages undergoing significant growth 
that is dependent on protein or fat intake. Many plants 
can produce sugary exudates, and phylogenetically 
basal terrestrial groups often secrete nectar at the bases 
of the petals or on the anthers. Early angiosperms were 
presumably under strong pressure to develop more or¬ 
ganized nectaries and to deliver an appropriate nectar 
supply for their insect customers (A. Meeuse 1978), 
while increasingly making their pollen rather sparse 
and cryptic, delivering small deposits of it onto some 
part of a visitor’s body well away from the mouthparts. 
As soon as the fitness gain to the plant resulting from 
its pollen being moved exceeded the losses of tissue 
eaten, then selection on the plant would change from 
deterring to attracting animals, and the latter in turn 
would, in effect, switch from being herbivores to pol¬ 
linators. And while a nonspecific generalist flower de¬ 
sign probably remained a very good solution for rea¬ 
sonably abundant plants in communities that were not 
too diverse, there would also be pressure to be more 
specialized for some plants. This issue of the relative 
merits and relative importance of generalization and 


specialization in flowers is one that will recur repeat¬ 
edly in later chapters. 

Throughout the Cretaceous period, then, there were 
probably two main lines of angiosperm evolution. One 
involved the successful insect-pollinated flowers, 
which had large, radially symmetrical, bowl-shaped 
forms that offered a relatively protected site for easy 
landing and feeding, increasingly showy petals and 
simple fruity scents, and a tendency to fix the numbers 
of floral parts (especially in whorls of five); hence the 
Rosidae are well represented by the mid-Cretaceous, 
and floral nectaries are evident in late Cretaceous rosid 
fossils. Paralleling these were the wind-pollinated 
plants, particularly larger trees, which were develop¬ 
ing tiny flowers on catkin-like inflorescences that were 
highly suited to the dry breezy conditions of the time. 

Between about 80 and 50 MYA, straddling the time 
of the great Cretaceous extinction at 65 MYA, the bi- 
otically pollinated flowers began to show much more 
variation, which was at least in part linked with the 
evolution of more varied insect taxa (fig. 4.6). Longer- 
tongued flies appeared in this time period, soon fol¬ 
lowed by butterflies and moths, all providing major 
catalysts to floral evolution. The spread of humid trop¬ 
ical forests would also have boosted floral radiation, 
with more than half the total angiosperm diversity in 
the world now being located in those habitats. Zygo- 
morphic (bilaterally symmetrical) flowers were present 
by the end of the Cretaceous, with their petals begin¬ 
ning to fuse basally forming tubular corollas. Crucial¬ 
ly, by about this time one group of originally predatory 
sphecid wasps had evolved into the specialist flower- 
visiting bees (Apoidea). The oldest definite bee fossils 
date from about 80 MYA, and these specimens are 
very like modern stingless Trigona bees, which are 
highly specialized and eusocial, suggesting that bee 
evolution had begun somewhat earlier (Michener and 
Grimaldi 1988). 

Once bees were present, the selective pressure on 
flower foods changed again. Bees are (almost) unique 
in feeding their larvae on pollen, and they therefore 
require far more pollen to be offered in the flowers that 
they favor than do other pollinators; but in turn they 
“repay” the plant for this supply by visiting far more 
flowers than any other kind of visitor as they industri¬ 
ously stock every one of their larval cells full of a nu¬ 
tritious pollen-nectar mixture. With bees around and 
becoming very effective as pollinators, the demand for 
more generous pollen-producing flowers would be 
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Figure 4.6 Timings of radiations in insect evolution, with major pollinating taxa appearing between 85 and 50 mil¬ 
lion years ago, at similar times to the appearance of zygomorphic flowers and brush blossoms and then keeled pap- 
ilionate flowers. Origins of vertebrate groups containing pollinators are also shown; functional pollinators within 
these groups appeared rather later. (Modified from Schoonhoven et al. 2005, based on earlier authors.) 


substantially increased again. Today a high proportion 
of plants in temperate ecosystems produce relatively 
large volumes of pollen, sometimes with no nectar re¬ 
ward. They can cope with the loss of much of this pol¬ 
len to feed succeeding generations of bees, because 
bee behavior ensures that enough of the pollen from 
the bees’ bodies will reach an appropriate stigma in a 
conspecific flower and achieve effective pollination 
for the pollen-donating plant. 

Bees may also have provided the spur for evolution 
of ever more elaborate floral forms, with three- 
dimensional complexity arising from fusion or differ¬ 
ential growth of petals and other structures; the bees’ 
ability to discriminate between, and to learn to handle. 


varied flower types would promote increased flower 
constancy and hence favor specialization in both 
partners—and eventual speciation in the plants. Cer¬ 
tainly today, bee-plant genera are more speciose than 
genera with more generalist visitor spectra: in Califor¬ 
nia, for example, one survey concluded that bee-plants 
averaged 5.9 species per genus, while generalists aver¬ 
aged only 3.4 species per genus (V. Grant 1949). Thus 
rosid flower types diversified widely, and by the early 
Tertiary the more derived asterid flowers were also ap¬ 
pearing and diversifying. 

The most recent major development in biotic polli¬ 
nation was the advent of vertebrate pollination, with 
birds and bats both getting involved in the early to 
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Anemophilous families per order 


Figure 4.7 Numerical occurrence of abiotic 
(anemophilous) pollination: most orders of 
plants have no families showing anemophily, 
although two orders (Caryophyllales and 
Sapindales) do each contain four to five wind- 
pollinated families. (Redrawn from Ackerman 
2000 .) 


mid-Tertiary (approximately 60-50MYA). Very long- 
tubed flowers associated with hummingbirds appeared 
at around these times, and other vertebrate-flower as¬ 
sociations, with bats, perching birds, and nonflying 
mammals, all date within the last 40-50 MY (fig. 4.6). 
From here onward, though, it becomes much harder to 
see broad trends in pollination evolution, because 
plants changed to more or to less specialized systems, 
or switched to more or less selfing, or even reverted to 
wind pollination, according to the particular demands 
of their changing habitats, pollinator abundance, and 
competitive interactions with other plant species. 
Some of the trends already mentioned clearly went 
into reverse for a few plant taxa, notably the grasses, 
which are now mainly wind pollinated, and the com¬ 
posite and umbellifer subgroups that now have tiny 
rather nonshowy flowers aggregated into attractive 
inflorescences. 

Overall, it is clear from figure 4.7 that as a means of 
cross-fertilization in plants, biotic (zoophilous) polli¬ 
nation, by whatever animal group, is technically un¬ 
common when assessed in terms of the numbers of 
broad taxonomic groups that use it. In practice it is 
numerically dominant, among species, because the an- 
giosperms adopted it so rapidly and fairly comprehen¬ 
sively and have come to dominate all other plant taxa 
on land in all habitats other than the boreal forests. 
Note, however, that it is not possible to say what pro¬ 
portion of modern angiosperms is biotically pollinat¬ 
ed, since large areas of the tropics are not adequately 


investigated. We do know that the radiation of angio¬ 
sperms has very closely paralleled the radiation of pol¬ 
linators (Pellmyr 1992a; Grimaldi, 1999). The Co- 
leoptera, Diptera, and Lepidoptera had all evolved 
earlier, but they did not radiate greatly until the angio¬ 
sperms appeared, and the diversification of flower- 
visiting groups of Hymenoptera clearly began as the 
angiosperms began to radiate. Furthermore, taxa with 
animal pollination are now far more speciose than 
families that have abiotic pollination (Dodd et al. 
1999). Hughes (1976) recognized only about 500 plant 
types, roughly equivalent to species, in the late Car¬ 
boniferous (about 290-280 MYA), increasing to 3,000 
types by the early Cretaceous (150-140 MYA) and to 
22,000 types by its end (65 MYA); in the modern 
world there are perhaps 250,000 plant species. All of 
this indicates rather clearly that the evolution and ex¬ 
ploitation of animal pollinators has had a strong influ¬ 
ence on plant speciation, and overall patterns of floral 
change through evolutionary time can readily be as¬ 
sembled (fig. 4.8). 

But whether the link between plant diversification, 
on the one hand, and biotic pollination and floral spe¬ 
cialization, on the other, is strictly causal is still open 
to debate (fig. 4.9). Arguments against a key causative 
role for pollinators cite the point that angiosperm di¬ 
versification was not particularly rapid at the time of 
origin of the angiosperms (when at least some animal 
pollinators were present) but instead took off some¬ 
what later (Sanderson and Donoghue 1994). Midgley 
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Leppik 1971 and later authors.) 


and Bond (1991) suggested that biotic gene dispersal 
was not as important in promoting plant diversification 
as some innovations within plants themselves that af¬ 
fected their growth and regeneration rates. More spe¬ 
cifically, Armbruster and Muchhala (2009) argued that 
the link between specialized pollination and plant spe¬ 
cies diversity worked the other way around: that is, 
where there was high diversity within plant clades, the 
increase in numbers of similar plants within a com¬ 
munity tended to promote floral character displace¬ 
ment, which was then evident as increasing special¬ 
ization. This is the character displacement model seen 


in figure 4.9, as contrasted with the three alternative 
models that work in the reverse direction. 

Abiotic pollination merits consideration in its own 
right (chapter 19), but here it is more useful to move 
on to the reasons for successful evolution of zoophilous 
pollination. 

3. The Advantages of Animal Pollination 

The intervention of animals as a means to move pollen 
around has proved to be the best way for angiosperms 
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Hypothesis 1: Initial Rl 
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in sympatry 
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speciation rates 
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Figure 4.9 Four hypotheses relating floral specialization to plant species richness; the character-displacement hy¬ 
pothesis postulates a causal relationship in the reverse direction from the other three, such that higher plant diversi¬ 
ty promotes specialization in flowers. (Redrawn from Armbruster and Muchhala 2009.) 


to achieve reproductive success. In a world formerly 
dominated by gymnosperms and wind pollination, any 
plant visited by insects that could pick up pollen on 
their bodies and move it around more directionally 
than unpredictably moving air would have a signifi¬ 
cant advantage. There are two key reasons for this: 

1. Above all, perhaps, zoophilous pollination is very 
much cheaper in terms of the pollen amounts 
needed (table 4.2), often by several orders of mag¬ 
nitude. A single birch catkin may release over five 
million pollen grains, where an animal-pollinated 
flower will rarely exceed a few thousand. 

2. It can occur in small isolated populations with 
scattered individual plants. For example, in tropi¬ 
cal forests there may be only one tree of a species 
per square kilometer, with dozens of other species 
intermingled. Animals can get around this prob¬ 
lem because 

a. they can and do form search images for the right 
plants and seek them out, producing flower con¬ 
stancy (chapter 11) and reducing wasteful het¬ 
erospecific pollen deposition; 

b. they can move over long distances—especially 
the flying animals that are dominant as the three 
main pollinating groups (insects, birds, and 


bats), so increasing the dispersal efficiency of 
pollen (Inouye et al. 1994); 

c. they can specifically help in preventing selfing 
and promoting crossing, if the plant has its sta¬ 
mens and stigma placed carefully and attracts 
an animal with the right shape and behavior to 
ensure the precise pick up and subsequent pre¬ 
cise placement of pollen. 

Hence the need to attract and retain the services of 
specific animals may become a powerful selection 
pressure on flowers, and it was this insight that led to 
the idea of specialist pollination syndromes, a theme 
that is dominant in the pollination literature. Pollina¬ 
tion also, inevitably, becomes a coevolved and mutu- 
alistic arrangement, in which both participants can 
benefit. 

However, it is crucial to reiterate that pollination by 
animals, while commonly mutualistic, is not altruistic: 
the animal visitors want food, and pollination is just an 
unintentional by-product of their activities, one from 
which they very rarely get any fitness benefit whether 
they move pollen or not. In practice the plant and ani¬ 
mal have a conflict of interest (which will be explored 
more fully in later chapters), with adaptation and 
counter-adaptation occurring on both sides as each 
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Table 4.2 

Pollen Amounts Required for Different Modes of Pollination 


Plant type 

Agent 

Plant species 

Pollen grains per ovule 

Trees 

Wind 

Corylus avellana (hazel) 

2,550,000 



Fagus sylvatica (beech) 

637,000 


Insect 

Acer pseudoplatanus (sycamore) 

94,000 



Tilia cordata (lime) 

44,000 

Herbs 

Wind 

Plantago lanceolata (plantain) 

15,000 


Insect 

Senecio jacobaea (ragwort) 

5,000 



Polygonum bistorta (bistort, adderwort) 

6,000 


Source: Based on data cited in Faegri and van der Pijl 1979. 


tries to get a bigger share of the benefit. The relation¬ 
ship can best be described as reciprocal exploitation. 

4. Pollination, Floral Variation, Plant 
Speciation, and Plant Diversity 

The extent to which pollinators may have contributed 
to plant diversification and speciation may be debat¬ 
able, but there is little doubt that pollinators can both 
produce reproductive isolation (when they are rea¬ 
sonably specialist, at least for the duration of a given 
foraging trip) and contribute to ongoing gene flow be¬ 
tween plants. The end products, in this simplified sce¬ 
nario, would be pollinator-mediated selection on flow¬ 
er features, pollinator-mediated reproductive isolation 
for the plant, and hence, at least potentially, cospecia- 
tion of plants and pollinators. 

Indications from models of speciation are that even 
moderate pollinator specialization could initiate and 
maintain divergence in the form of flowers, by produc¬ 
ing assortative mating in the plants. Assortative mat¬ 
ing is nonrandom fertilization occurring between two 
individuals that are either much more (+) or much less 
(-) like each other than the average in one or more 
characters (color, shape, etc.); positive assortative mat¬ 
ing leads to the alleles with similar effects becoming 
coupled in the population, and so alters the variance in 
the associated characters. 

But beyond models and speculations, is there ex¬ 
perimental and observational evidence for any such 
effects? 


Do Pollinators Select for Floral Divergence? 

In later chapters of this book we will examine the evi¬ 
dence that small changes in flower morphology are 
genetically “easy,” often relying on changes in single 
genes (Stuurman et al. 2004 on nectar control; Hobal- 
lah et al. 2007 on color control, and Galliot, Stuurman, 
et al. 2006 for a review of the field). It will also be¬ 
come clear that small changes in flower morphology 
can alter pollinator behavior and floral choices (chap¬ 
ter 11). But the crucial question in terms of evolution 
is how far floral form is heritable, and this is surpris¬ 
ingly hard to establish. In greenhouse conditions heri- 
tability can be more easily measured and has often 
been recorded as quite high (e.g., Schoen 1982; Holts- 
ford and Ellstrand 1992; Mitchell and Shaw 1993; An- 
dersson and Widen 1993), but this ignores many pos¬ 
sible environmental effects, particularly temperature, 
which itself can influence flower development and 
thus features such as flower size (e.g., Kinet et al. 
1985). In field conditions it is hard to assess the herita- 
bility of flower features since these only become ap¬ 
parent quite late in a plant’s life cycle, after many en¬ 
vironmental influences will already have operated. 
However, there are a few careful analyses that do give 
reasonably controlled values. To pick out three on par¬ 
ticularly well-studied plants. Phlox drummondlii was 
reported to have a heritability of 0.15 for corolla length 
and width (Schwaegerle and Levin 1991), Ipomopsis 
aggregata showed strong genetic control of stigma- 
anther separation (D. Campbell et al. 1994), and Po- 
lemonium viscosum showed heritabilities close to 1 for 
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corolla length and width but very low heritability for 
height at flowering and for the number of flowers in 
the flower spike (Galen 1996a). 

Given this kind of information, we then need to be 
able to demonstrate pollinator-mediated selection. 
Correlations of flower features with reproductive suc¬ 
cess are often cited as evidence for such selection, but 
they can be misleading, because other environmental 
factors can affect outcomes. For example, in Polem- 
onium viscosum low altitude populations are mainly 
small bee and fly pollinated, but bumblebees (which 
pollinate higher-altitude populations) prefer larger 
flowers with broader corollas; an increase of corolla 
width from 14 to 16 mm gave a 10% increase in fe¬ 
male function when measured as seed production (Ga¬ 
len and Newport 1987) and also a 14% increase in 
male function via increased pollen export per bee visit 
(Galen and Stanton 1989). But flower size also corre¬ 
lated with the nectar production rate, so it is hard to 
know which factor was the driver here. Ideally we 
need not only observed correlations, but also experi¬ 
mental manipulation of the pollinators or of the flower 
traits. When Polemonium flower size and flower re¬ 
ward were manipulated independently, Cresswell and 
Galen (1991) found that bumblebees were influenced 
by both; they chose plants by corolla size, but then the 
number of visits made to flowers on a plant was almost 
entirely the result of reward size. Galen set up caged 
populations of plants and introduced bumblebee 
queens, recording all visits to known flowers on known 
plants, from which she calculated coefficients of bum¬ 
blebee-mediated selection (Galen 1989, 1996b). For a 
single generation, the response of corolla width to 
bumblebees was estimated as up to 17%, and for co¬ 
rolla length, the value was up to 18%. These data sug¬ 
gest that selection over just one to three generations 
could yield the larger and broader flowers found in the 
high-altitude populations of this plant, where bumble- 
bee-pollination dominates, thus driving divergence 
away from the lower-altitude populations visited 
mainly by smaller bees and flies. 

Even where features are manipulated, we still need 
to be wary of direct and indirect effects. The key study 
mentioned above by D. Campbell et al. (1994) with 
Ipomopsis aggregata is instructive: hummingbird visi¬ 
tors were assumed to be selecting for greater stigma 
exsertion from the flowers, with the more exserted 
stigmas receiving more pollen. But the authors also 
showed (using independent manipulations of stigma 
exsertion and of the timing of the staminate and pistil¬ 


late phases of the flowers) that increased pollen receipt 
was in fact largely due to the longer time of stigma 
presentation, with no direct effect of stigma exsertion 
on pollinator efficiency. Pollinator-mediated selection 
was operating but was effectively indirect: through the 
genetic correlation of stigma exsertion and length of 
the pistillate phase. 

This is an important theme, which will be revisited 
in greater depth in the specific context of pollination 
syndromes in chapter 11, section 2, Why Pollination 
Syndromes Can Be Defended. 

How Do Pollinators Drive Floral Divergence? 

P. Wilson and Thomson (1996) suggested five ways in 
which floral divergence could arise by selection: 

1. Adaptation to distinct niches: Pollinators 
are seen as opportunities that plants can take advan¬ 
tage of and try to fit with, their characters shifting lo¬ 
cally to suit whatever animals are available. 

2. Character displacement: Species diverge to 
reduce local competition with other plants present (a 
response that is classically invoked for flowering time, 
see chapter 21). A good example comes from studies 
of Phlox drummondii, whose flowers are pink in most 
habitats but red where the species coexists with the 
pink congener P. cuspidata (Levin 1985), and in those 
same habitats hybrids are selected against by the as- 
sortative behavior of butterfly visitors. This effectively 
reinforces the isolating barriers. 

3. Adaptive “wandering”: The direction and 
strength of selection varies over short timescales, so 
that floral morphology might “wander” in different di¬ 
rections. For example, pollinators can produce a selec¬ 
tive force leading to floral divergence and speciation in 
several ways in Ipomopsis (e.g., D. Campbell 1989a,b) 
or in Lavandula (C. Herrera 1988), where selection 
varies between years and between sites just a few kilo¬ 
meters apart. 

4. Character correlations: There might be se¬ 
lection on characters that are essentially physiological 
or developmental, with floral traits “dragged along.” 
Many floral traits are likely to be genetically correlat¬ 
ed, either by pleiotropy (where two traits are affected 
by a single locus) or due to linkage disequilibrium 
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(either where the two traits are on the same chromo¬ 
some, or are on different chromosomes but are nonran- 
domly associated during chromosome assortment). In 
Neotropical Dalechampia, where colored bracts are 
the main attractive feature and resin glands provide 
the main reward, Armbruster (1991, 1996) showed 
that bract length covaried with the area of the resin 
gland and with the distances between the gland and 
stigma or between the gland and anthers. Such effects 
could originate by selection, but they may just repre¬ 
sent nonadaptive effects of genetic constraints. There 
is ongoing debate about how far genetic correlation is 
a constraint in floral evolution on a broader scale, but 
clearly there is scope here for ‘apparent’ pollinator- 
mediated selection on flowers. 

5. Genetic drift: Characters that are neutral in 
small populations could lead to divergence. Genetic 
drift might be most relevant in small populations of 
very specialized flowers (such as orchids that interact 
with euglossine bees, chapter 9), or in heterostylous 
plants (chapter 3). 

K. Jones (2001) offered a somewhat different (al¬ 
though overlapping) breakdown of selection types that 
might operate: 

1. Disruptive selection, in which intermediate 
phenotypes are ignored by the flower visitors and so 
have low relative fitness. Eventually there is a good 
chance of reproductive isolation occurring between 
the two extreme phenotypes. This kind of selection 
could operate in either of two ways. First, it could ex¬ 
ert pressure on reproductive traits, where selection will 
happen especially quickly; so, for example, red alleles 
are more likely to become coupled with other red al¬ 
leles, and white with white, with the intermediates be¬ 
coming rarer, and these intermediates are in turn likely 
to become more selected against by pollinator choice, 
as may occur in Polemonium (Galen et al. 1987) and in 
Ipomopsis (D. Campbell et al. 1997). Second, selec¬ 
tion could operate on ecological characters to produce 
increased variance but without necessarily leading to 
evolutionary branching, unless the ecological trait is 
genetically correlated with another trait that produces 
assortative mating via effects on pollinator choice. Se¬ 
lection against the ecological intermediates would al¬ 
low genetic associations to persist and avoid being 
broken up by repeated recombination events, and gene 
complexes could build up leading to genetically iso¬ 
lated groups within populations (genetic neighbor¬ 


hoods). Thus assortative pollinator behavior could re¬ 
inforce the divergence of the neighborhoods and can 
drive speciation. 

2. “Selective” selection, in which foraging ani¬ 
mals faced with mixed floral communities tend to fo¬ 
cus their visits on nonrandom subsets of the available 
flowers and to show flower constancy (chapter 11). 
Different pollinators will have different effects. Bees 
and hummingbirds are often described as relatively 
specialist, but in both cases they are opportunistic and 
prone to override any innate preferences by experience 
and learning. Specialist “choosy” visitors will obvi¬ 
ously affect floral evolution more strongly and more 
quickly; if specialism is dominant in a community, it 
would tend to become more speciose (an example 
might be the Cape flora, with many long tubular corol¬ 
las and specialist flies; S. Johnson and Steiner 2000, 
2003). In this kind of situation, assortative mating 
could result from partitioning of floral resources, both 
between taxa and between individuals within a taxon. 
In fact, individual preferences, changing within a trip 
or day or season, must have very strong effects at local 
level and may often lead to establishment of, and pref¬ 
erence for, hybrids, so that the pollinator pool is parti¬ 
tioned much more finely than by conventional taxa. 
Hybrids and polyploids are of course common in 
plants (natural hybrids making up 5%-22% of all spe¬ 
cies in natural communities [Ellstrand et al. 1996]), 
and polyploidy itself can be a major factor in estab¬ 
lishment of new species. 

There is, then, good evidence for pollinator-mediated 
selection and appropriate trait heritability in flowers, 
and there are well-established mechanisms by which 
this could bring about floral change, reproductive iso¬ 
lation, and evolutionary divergence or specialization. 
It would be easy to produce several books just on these 
topics, but for our purposes, taken together with the 
known evolutionary history of plants and pollinators 
and of interrelated speciations (not one-to-one, but at 
least matching reasonably through time), we may ac¬ 
cept that it can happen. How far and how often it does 
happen is a more complicated issue, relating back 
once again to the issue of how far floral specialization 
and associated visitor specialization are important 
factors in pollination ecology. We will return to that 
theme in chapter 11, after a thorough look at all the 
floral advertisements and rewards on which selection 
might act. 


This page intentionally left blank 



PART II 

FLORAL ADVERTISEMENTS 
AND FLORAL REWARDS 


This page intentionally left blank 



Chapter 5 

ADVERTISEMENTS 1: VISUAL SIGNALS 
AND FLORAL COLOR 


Outline 

1. Floral Pigments and Floral Color 

2. The Problems of Defining and Measuring 
Color 

3. How Animals Perceive Flower Color 

4. Color Preferences in Animals 

5. The Ecology and Evolution of Flower Color 
and Color Preferences 

6. Nectar Guides 

7. Floral Color Change and How It Can Control 
Pollinators 

8. Other Visual Advertising Cues 

9. Why Do Flower Colors Diverge? Selection and 
Floral Color 


Visual attraction by flowers is substantially related to 
flower shape and size, and the basic aspects of these 
were covered in chapter 2. But above all, for most visi¬ 
tors, color and color patterns are attractive. Trichro¬ 
matic color vision occurs in many terrestrial animals, 
and in the evolution of insects it certainly predates the 
flower-visiting habit. Undoubtedly most of today’s 
key pollinating taxa have good color vision, and flow¬ 
ers should have been selected to interact with their 
visitors’ visual abilities. So it is not surprising that 
plants use color signals to make their flowers conspic¬ 
uous in a mainly “green” world. Since flowers com¬ 
prise successive whorls of sepals, petals, stamens, and 
carpels, in principle any part of that complex structure 
(or all parts) can be colored, and the production of 


colored floral displays therefore exhibits extraordinary 
variety. 

It is important to know something about how colors 
are made in biological systems, about how they are 
perceived by animals’ eyes, and thus about their eco¬ 
logical significance. Then we can see how color inter¬ 
acts with the other visual signals from flower size, 
shape, and outline in enhancing floral attraction to 
visitors. 


1. Floral Pigments and Floral Color 

The underlying physiological basis of flower color is 
floral pigments (table 5.1 and fig. 5.1). There are three 
main types, all of them secondary plant products found 
either dissolved in the aqueous cell sap (flavonoids 
and betalains) or retained within plastids (carote¬ 
noids); Grotewold (2006) provides a good review. 
Flowers mostly reflect light from the near UV (350 nm) 
to deep red (700 nm) using combinations of these 
pigments. 

Cell-Sap Pigments 

The flavonoid pigments, the commonest type, are wa¬ 
ter soluble and thus readily dissolve in the cell sap. 
Most of them are built around a core anthocyanidin 
molecular structure of coupled six-carbon rings (some¬ 
times alternatively termed aglycones). There are three 
particularly common anthocyanidins (fig. 5.2): pelar- 
gonidin, cyanidin, and delphinidin, of which cyani- 
din is probably the primitive form (Harborne 1993). 



Table 5.1 
Floral Pigments 


Major groups 

Types 

Examples 

Color 

Additions 

Effects 

Distribution 

Flavonoids 
(in sap) 

Anthocyanidins/ 

anthocyanins 

Cyanidin 

Pelargonidin 

Delphinidin 

Red, maroon 

Scarlet,orange 

Purple, blue 

Sugars 

Adds blueness 

Very common 
and wide¬ 
spread 





Metal ions 
(Fe, Al) 

Stronger color, 
color change 



Anthoxanthins 

Flavones 

Flavonols 

Chalcones 

Anthochlors 

Anthocyanins 

and anthoxanthins 
together ("co¬ 
pig-mentation") 

Gossypetin 

White, cream, yellow with 
strong UV component 

Intense yellow 

Red-browns, orange, and 
some pink colors 




Cartotenoids 
(in plastids) 

Carotenes 

Xanthophylls 

/^-carotene 

Lycopene 

Auroxanthin 

Orange-yellow 

Orange-red 

Yellow, lemon 



Very common 

Betalains (in sap) 

Betaxanthins 

Betacyanins 


Bright yellow 

Bright red, purple 



Rare 
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Figure 5.1 The three main types of floral pigment: 

(A) the anthocyanidin structure underlying flavonoids, 
together with a flavonol and a typical anthoxanthin 
at left; (B) a betalain; (C) carotenoids, with a simple 
carotene above and a xanthophyll below. 


C 




These three core molecules differ markedly in their 
light absorption properties, and hence colors, as shown 
in table 5.1. Whichever anthocyanidin is present, it is 
always linked with at least one sugar molecule to give 
an anthocyanin. Other flavonoids, with somewhat 
more variable core structures, are collectively termed 
anthoxanthins and give the deep cream through to 
deep yellow colors, as seen in primroses ( Primula , 
plate 6C), and European gorse ( Ulex, plate 9D), or ap¬ 


proach orange shades in cases where additional pig¬ 
ments, anthochlors, are present, as in many Asterace- 
ae and some snapdragons (Antirrhinum). 

Betalain pigments are also dissolved in the cell sap; 
they incorporate a five-carbon and a six-carbon ring 
and are chemically related to the alkaloids that pro¬ 
vide the defensive secondary chemicals in many plants 
(including poisons such as nicotine, atropine, etc.). In 
plants they are always linked with sugar molecules. 
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They occur in relatively few plant families as floral 
pigments but produce particularly intense colors in the 
deep crimson and magenta range, as seen in Bougain¬ 
villea, Portulaca, and some of the more spectacular 
cacti (plate 13B), or deep yellow, as in Opuntia. They 
may also occur sporadically in fruits and in other parts 
of plants, a notable example being beetroot {Beta 
vulgaris). 

Plastid Pigments 

Plastids are intracellular organelles, of which chloro- 
plasts are the most familiar type. Chloroplasts nor¬ 
mally contain two types of chlorophyll pigment (both 
green and imparting the primary coloration to foliage 
and stems) and smaller amounts of orange carotenes 
and yellow xanthophylls, which have an accessory 
role in photosynthesis. These last two occur in flowers 
as well as foliage and are collectively in the group 
termed carotenoid pigments. They are simple hydro¬ 
carbon tetraterpenes (four five-carbon units arranged 
linearly), insoluble in water, and either oxygenated 
(xanthophylls) or lacking oxygen (carotenes). 

Carotenoids are important as protective and color¬ 
ing pigments in many parts of plants and give the tra¬ 
ditional coloration to carrots, tomatoes, and some 
fruits. In flowers they similarly produce yellow, or¬ 
ange, and red colors, as seen in daffodils ( Narcissus, 
plate 6E), marigolds, {Calendula, Tagetes), and some 
lilies. 


Production of Colored Flowers Using Pigments 

Merely listing pigment types and examples is not suf¬ 
ficient to define the subtleties or range of flower col¬ 
ors. In practice, flowers achieve complex shadings and 
intensities of color in a number of different ways, and 
they can produce elaborate color patterns even within 
one floral part. What follows largely uses examples 
from petals, but the same principles may be found in 
other structures (bracts, sepals, stamens, etc.) in a 
smaller number of plants. 

1. Pigment concentration is perhaps the key vari¬ 
able, and concentrations in petals varying from less 
than 0.01% to more than 15% (dry weight) produce 
very different effects. This is largely under simple ge¬ 
netic control, with expression of just one or two genes 
often determining pigment amounts (Galliot, Hobal- 
lah, et al. 2006). 

2. Both plastid and cell-sap pigments may occur in 
the same cell of a petal (copigmentation), giving a re¬ 
sulting shade that could not be achieved by a single 
pigment. In particular, flavones and flavonols, though 
rather colorless by themselves, will bind with antho- 
cyanins in stacked molecular complexes to produce 
more subtle shades. 

3. Multiple pigments may be present in different 
cell layers of the petal, combining in varied propor¬ 
tions according to the thickness of each cell layer to 
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give variations of tones and patterning across the 
length or breadth of the petal. Such a petal may then 
appear as different colors when viewed from above or 
below, and it may appear quite different depending on 
how incident light strikes the petal surface. 

4. Different combinations of pigments may be spa¬ 
tially varied in different cells across a petal to produce 
color shading, often darkening toward the center. 

5. Spatial variation may give rise to distinct color 
patterns within a petal. Common types are spots in the 
ventral throat of a tubular corolla (as in foxgloves 
[Digitalis], plate 15G) or stripes radiating out from the 
center of a radial flower (as in many geranium, pansy, 
or mallow flowers) or from the throat of a zygomor- 
phic flower (as in African violets [ Saintpaulia] and 
Cape primrose [Streptoccirpus], plate 15A). In such 
cases the patterns may serve to direct visitors into the 
center of the flower, where the nectar is situated, en¬ 
suring that they pass the anthers en route, and the pat¬ 
terns are often described as nectar guides (or honey 
guides), which will be covered in more detail in sec¬ 
tion 6, Nectar Guides. These guide lines or spots are 
often purer colors with strong pigmentation against a 
more diffuse and less intense background petal color. 

6. Different structures within the whole flower may 
be of different colors, often giving better contrast and 
better visibility from a distance. In radially symmetri¬ 
cal flowers this arrangement commonly occurs where 
the central mass of anthers and stigmas are yellow and 
contrast strongly with white, pink, or purple petals 
(e.g., plates 2B,C, 8F, 9A, and 13E) or where a darker 
colored rim surrounds a paler center (e.g., plate 14B). 
In zygomorphic flowers, the upper (banner, or flag) 
petals may be strikingly different in color from the 
lower petals (e.g., plates 19F and 32E). Moreover, the 
pigmentation of the sexual organs is often particularly 
pure and that of the petals rather diffuse (e.g., Trillium, 
plate 14F). 

7. Different parts of an inflorescence may be differ¬ 
ently colored (plate 14); for example, the yellow disk 
florets of daisies are very distinct from the white pe¬ 
ripheral ray florets, and the outer sterile flowers of 
some umbellifers are strong white colors while the 
central functional flowers are yellow-green. The brush 


flower Dicrostachys is a striking example in which the 
unopened yellow florets lie below the open lilac ones 
(plate 14H). In other cases the bracts (plates 13F and 
14A,E) or the stamens or styles (plate 14B,D) provide 
the contrast. Sometimes petal color is augmented by 
an apparent window effect, where the paler tube is 
seen within (plate 14C). 

Other Ways of Producing Floral Color 

The perceived brightness and coloration of a flower 
may be affected not only by its pigmentation but also 
by reflection effects. This is particularly common for 
intensely white flowers: white is produced in part by 
an absence of pigment and also in part by refraction 
and reflection of light at the cell surfaces and at the air 
spaces within the petals. This phenomenon is often 
seen in flowers that open at dusk, when spectral differ¬ 
ences are not easy to perceive. 

A classic example is found in the common butter¬ 
cups (certain Ranunculus spp.). Here the upper epider¬ 
mal cells are very thin with a smooth surface, and they 
contain a dense oily solution of yellow carotenoid pig¬ 
ment (unusually not enclosed in plastids, perhaps linked 
to the cells being nonnucleate). These cells lie imme¬ 
diately above an air layer and a deep layer of starch- 
filled cells that appear densely white. The back of the 
petal is matte, and its cells contain yellow pigment in 
plastids. Together these layers produce a petal with an 
intensely bright and glossy yellow appearance from 
above (traditionally attributed to reflection, but proba¬ 
bly also with refraction at interfaces of the oily layer 
and the cell or air layers; B. Glover, pers. comm.) and 
a much less glossy yellow surface below (plate 13A). 

Cell structure may also influence color intensity, 
for example in Antirrhinum flowers, where conically 
shaped cells in the petal epidermis have a major effect 
on the perceived color and thus affect insect visitation 
(Noda et al. 1994; Glover and Martin 1998). More spe¬ 
cifically, Whitney, Kolle, et al. (2009) showed that sur¬ 
face microstructures on petals, including long cuticu- 
lar striations, can act as diffraction gratings and result 
in iridescence, lending another potential variable to 
visual perceptions; they recorded such iridescence in 
ten angiosperm families. In Hibiscus and Tulipa, they 
showed that petals change their hue depending on the 
angle of observation, and they also demonstrated that 
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bumblebees could disentangle color cues from irides¬ 
cent cues when approaching such flowers. 

Environmental Effects on Floral Color 

Chelation with metal ions has a major effect on blue 
coloration in flowers, with iron, magnesium, and alu¬ 
minum all potentially interacting with anthocyanins. 
This reaction can give the very intense colors found in 
blue cornflowers (Centaurea species) and in Commeli- 
na (plate 12A), or in some blue-purple Hydrangea 
species. The amount of these metal ions in the soil can 
affect flower color, as is well known with hydrangeas, 
where the same plant can produce either intense blue 
flowers or rather washed-out pink flowers depending 
on the soil it grows in. It is not only the soil’s metal 
content that matters though, since metal-ion uptake via 
the roots is affected by the plant’s nutritional status 
(especially by how much nitrogen, phosphorus, and 
potassium are available) and also by soil acidity. 

Pigment intensity within the plant is also affected 
by other environmental variables, especially tempera¬ 
ture and water stress. In particular, the biosynthesis of 
flavonoids is sensitive to light levels, temperature, and 
mineral availability; and flavonoids are in turn precur¬ 
sors for the synthesis of anthocyanins, so that most 
flower pigments will be affected by these environmen¬ 
tal factors. Hot, dry conditions favor more pink and 
purple morphs over white morphs in a range of species, 
an observation clearly documented in Polygonum, Vi- 
cia, Cirsium, and Digitalis by Warren and Mackenzie 
( 2001 ). 

2. The Problems of Defining and 
Measuring Color 

There are real problems relating to the apparently 
straightforward concept of color. Color is not simply 
the property of an object, for it results from the visual 
and sensory processing capacities of the viewing organ¬ 
ism; the same surface may be seen as different colors 
by different sensors and hence by different animals. In 
other words, color as perceived by any given animal is 
not a direct indication of the spectrum of radiation giv¬ 
en off by an object but instead is an abstract phenome¬ 
non, often species specific or potentially even individu¬ 
al specific. Furthermore, color perception also depends 


upon the light environment in which a surface is seen 
(Kevan 1983), that is, the reflected/absorbed spectrum 
from that surface is modified by differing ambient 
light conditions. And color perception also depends on 
the contrast with the background against which it is 
perceived. Defining and describing color is really 
difficult—what you see is not exactly what you get! 

Humans also tend not only to define a color but also 
to qualify this with other issues about purity, intensity, 
or brightness of that color. Hue is often used infor¬ 
mally to describe such qualities, though the word can 
also be used more precisely to define the relative (rath¬ 
er than absolute) outputs of cones in an eye. We do not 
know whether (or if so, then how) pollinators perceive 
qualities such as these, although we do know that they 
crucially depend on the contrast of colors against 
background. 

Many problems stem from these differing percep¬ 
tions of color. Advances in studying the subject have 
involved devising systems for measuring or describing 
color, together with greater understanding of the visual 
capacities of animals, and correspondingly more so¬ 
phisticated measures of behavioral discrimination. 

Various methods for measuring color are given in 
the literature (Kevan 1978; Chittka and Kevan 2005), 
although in practice they tend to produce complemen¬ 
tary results. Using the human eye to match colors to 
standard color charts, which are ordinarily produced 
for the printing industry or for horticultural purposes, 
is a fairly widespread practice. In the field, nondigital 
photography with monochromatic filters is possible 
but requires great care with the exposure and needs 
quartz, rather than glass, lenses to capture UV light; 
pictures taken against uniform black backgrounds are 
advisable. Color video can be used and then converted 
into “insect view” format, where UV becomes blue, 
blue becomes green, and green becomes red (see be¬ 
low). If a flower can be taken back to a laboratory, its 
color can be determined more rigorously by spectro¬ 
photometry, which has built-in corrections for contrast 
and other variables, and the color can be represented as 
a locus on a standard diagram, although color pattern¬ 
ing and features such as nectar guides are then lost. 

At the most sophisticated level, the concept of a 
color space (also known as a chromaticity diagram) 
can be developed for a given animal from the known 
interactions of its various color receptors. Thus for a 
human, the color of an object can be defined as a point 
in a specific three-dimensional color space, where 
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Figure 5.4 Structure of three adjacent ommatidia, which are the functional units of the insect compound eye, also 
showing the central rhabdom where projections from each of the visual cells converge and overlap and where the 
photoreceptors are sited. (Redrawn from Barth 1985.) 


three different photopigments in their compound 
eyes. The ancestral condition in vertebrates appears to 
be tetrachromy, and this state persists in birds, al¬ 
though these also have oil droplets with high carote¬ 
noid content in the retinal cones that act as color filters 
and modify the spectral sensitivities of each cone. 
Hence flower-visiting hummingbirds and sunbirds po¬ 
tentially have more sophisticated color vision than do 
insects. In contrast, most mammals, including flower- 
visiting bats and rodents, are effectively dichromatic, 
having lost two of their ancestral receptor types and 
retaining just red/green and blue retinal cones, al¬ 
though humans and most other primates are second¬ 
arily trichromatic, with distinct red, green, and blue 
cones. 

Effective color vision depends not only on the re¬ 
ceptors and their pigments but also requires the neural 
processing ability to translate incoming signals from 
the photoreceptors, and in this area we as yet know 
rather little about taxa other than vertebrates and in¬ 
sects (mainly bees). 

Insects 

The basic element of an insect compound eye is the 
structural unit known as an ommatidium, which is 
made up of from seven to nine radially arranged recep¬ 
tor cells, each containing within it an area of highly 
folded membrane termed the rhabdomere. The rhab- 
domeres of each of the sensory cells are stacked to¬ 
gether at the center of the ommatidium to form the 
rhabdom (fig. 5.4), which is the site of photoreception 
and uses membrane-bound rhodopsin as the key vi¬ 


sual receptor pigment (as in virtually all eyes). Each 
cell’s rhabdomere may have its own spectral sensitiv¬ 
ity, and in the honeybee there are usually four green- 
sensitive cells, two blue-sensitive cells, and three 
UV-sensitive cells in a given ommatidium (fig. 5.5), 
although the third UV cell is often only apparent ba- 
sally. In fact in bumblebees the situation is even more 
complex, with three types of rhabdomeres: one having 
green and blue receptors; one having green and UV 
receptors; and one having all three types of receptor 
(Spaethe and Briscoe 2005), each type potentially see¬ 
ing a flower rather differently. 

When spectral sensitivities are calculated, it is ap¬ 
parent that an insect’s visual system is different from 
the human visual system (fig. 5.6 and 5.7). In general, 
the insect spectra are derived from three pigments 
peaking in the UV, blue, and yellow/green zones, in 
effect “shifted down” by about 100 nm to shorter 
wavelengths relative to humans’ spectra. This may be 
especially useful in a light environment where UV is 
relatively scarce, and where detecting its presence may 
give additional useful information (Kevan 1983), par¬ 
ticularly in shade, where UV light is less attenuated 
than the rest of the daylight spectrum. However, notice 
in figure 5.6 that there are also marked differences be¬ 
tween insects; indeed, some flies are only dichromatic, 
some butterflies have up to six receptor types and a 
visual sensitivity extending well into the red wave¬ 
lengths (Goldsmith and Bernard 1974), and many noc¬ 
turnal insects are effectively color-blind. Table 5.2 
shows further examples. 

Among the hymenopterans, visual spectra vary at 
the genus and species levels, the best known being that 
of the honeybee Apis mellifera, where the receptors 
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1-9 = visual cells 


Central area 
= rhabdom, with 
9 contributing 
rhabdomeres 



3,4,7,8 = green 
2,6 = blue 
1,5,9 = U-V 



Figure 5.5 (A) Distribution of the nine different color cells in cross-sections of the ommatidium of the honeybee, 
with different cells contributing more strongly to the rhabdom at different levels. (B) This distribution is seen more 
clearly in the ommatidium of the butterfly Pieris rapae, where cells 1-4 make up the rhabdom distally, cells 5-8 are 
located in the middle section (and just cell 9 basally, not shown). (Redrawn from Barth 1985.) 


peak at 344 nm (UV), 436 nm (mid-blue), and 544 nm 
(green, but overlapping into the orange/red zone); this 
is compared with the human spectrum in figure 5.7. If 
the spectrum is regarded as a circle rather than a line, 
then the circle can be closed by “mixing” the two ends; 
in humans this means mixing reds and blues, resulting 
in purple, but in insects such as bees it involves mixing 
yellow and ultraviolet, giving a color that is unimagi¬ 
nable to humans, but commonly labeled as bee-purple, 
and evidently easily discriminated by bees. Many oth¬ 
er attempts have been made to label “insect colors” 
with descriptive terms suited to human perceptions, 
but these are perhaps not especially useful here. 

Since most insects have good vision in the UV 
range, it was common in the past to see this as the key 
difference from humans and therefore to photograph 
flowers as seen under UV (following pioneering photo¬ 
graphic work by Knuth in the 1890s). This UV picture 
was seen as a good guide to what flower-visiting bees 
really saw, and there is much in the literature about 


flower patterns as seen in UV (e.g., Barth 1985). Guld- 
berg and Atsatt (1975) reported the UV reflectance of 
300 flower species, looking for patterns; they found a 
positive correlation of UV patterning with flower size, 
and an increase in such patterns in yellow and purple 
flowers, with less patterning on bird-pollinated flowers 
and on anemophilous flowers. They also found more 
patterning in certain families (Fabaceae, Geraniaceae, 
and Ranunculaceae, perhaps also Onagraceae and 
Amaryllidaceae) and much less in others (Ericaceae, 
Polemoniaceae). 

But apparent flower color and color pattern are in¬ 
fluenced by differing illuminations, which in practice 
will mean that the light and shade patches experienced 
while foraging have a substantial effect on what is per¬ 
ceived. Hence, visitors such as bees above all require 
good color contrast, particularly with green back¬ 
grounds, and to this end are likely to be using inte¬ 
grated input from all their receptor types. Thus UV re¬ 
flectance alone is not a good indicator of detectability 
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Figure 5.6. Spectral sensitivities of various insect eyes: (A) peak wavelengths for insect rhodopsins from various taxa 
(scored simply by occurrence in no particular order) ranging from 330 to 600 nm (modified from data in Stavenga 
2006); (B) spectral curves for the three to six receptors in specific insects (modified from data compiled in Kelber 
2006). 
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Figure 5.7 Comparison of the spectral range of human 
and honeybee eyes. (Redrawn from Barth 1985.) 


in the field. Furthermore, the evolution of bee UV vi¬ 
sion cannot have been driven by flowers, as used to be 
thought, since the same receptors occur in nearly all 
insects and crustaceans, implying that the visual re¬ 
ceptor system was set quite early in invertebrate evolu¬ 


tion. Kevan et al. (2001) therefore regarded UV as no 
more important for flower visitors than the blue, green, 
or red wavelengths. 

In fact the absence of UV reflection in most flowers 
that appear white to humans is often critical for bees; 
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Table 5.2 

Receptor Sensitivities in the Eyes of Some Flower-Visiting and Other Insects 


Genus 

Common name 

Receptor peaks (nm) 

Sympetrum 

Dragonfly 

490, 520, 620 

Gryllus 

Cricket 

332, 445, 515 

Periplaneta 

Cockroach 

365, 510 

Coccinella 

Beetle 

360, 420, 520 

Deilephila 

Hawkmoth 

345, 440, 520 

Lycaena 

Butterfly 

360, 437, 500, 568 

Vanessa 

Butterfly 

360, 470, 530 

Papilio 

Butterfly 

360, 400, 440, 520, 600 

Mu sea 

Housefly 

335, 355, 460, 490, 530 

Tenthredo 

Sawfly 

328, 464, 540, 596 

Catagtyphis 

Ant 

345, 440, 520 

Callonychium 

Solitary bee 

360, 404, 536, 600 

Bombus 

Bumblebee 

345, 440, 575 

Apis 

Honeybee 

344, 436, 556 


Source: Various, including Kelber 2006. 


this is because if UV, blue, and green were all reflected 
in similar proportions from some traditional “bee flow¬ 
ers,” they would occupy the same color space as most 
of the surrounding vegetation (which to insects may 
seem rather gray or gray/yellow (Kevan 1972, 1978). 
Insect-attracting flowers need pigmentation to stand 
out against this background in as wide a range of light 
conditions as possible. Dyer and Chittka (2004) high¬ 
lighted the point that bumblebees do indeed make er¬ 
rors in color discrimination in differing light condi¬ 
tions, although they can compensate in part through 
recognizing shape variation. 

Taking such factors into account, table 5.3 shows 
how some common flowers may appear to humans and 
to bees. Note that two yellow, or blue, or red flowers, 
both appearing very similar to us, may appear quite 
different to a bee, and for many insects flower color 
diversity must appear much greater than it does to hu¬ 
mans. Kevan (1983) expanded this point for particular 
floral communities, showing how much more varied 
the trichromatic plots of flower assemblages from the 
Arctic and north temperate ecosystems are for insects 
(while to humans they are dominated by white and yel¬ 
low variants). Figure 5.8 shows one of his examples. 

Although the insect compound eye has many ad¬ 
vantages, its visual acuity, or resolution, is really quite 


poor; in fact, resolution is necessarily traded for keep¬ 
ing the eyes small. The ability to distinguish shape and 
form at a distance is therefore decidedly limited, and 
most flowers will probably appear just as blotches of 
color (again emphasizing the importance of contrast 
effects) until an insect is quite close. This may explain 
why insects seem to need a visual pigment system that 
can see flowers in a much greater range of color types 
than humans can achieve. Their greater color discrimi¬ 
nation is probably also aided by neural interactions 
between the receptors (Kelber 2001), so that in fruit 
flies the detection of green fruits is aided by lateral 
inhibition between green and blue receptor cells, and 
similar effects may explain strong preferences for yel¬ 
low over green in many herbivorous insects. 

Vorobyev et al. (1997) tried to take these additional 
issues into account to give a more sophisticated under¬ 
standing of what is going on when an insect sees a 
flower, using Apis and the orchid Ophrys. They ana¬ 
lyzed video recordings through selected filters and with 
a UV-sensitive camera and then built up the reflectance 
spectra of the flower linked to a profile of receptor sen¬ 
sitivity in the bee eye. This gave the effects of different 
color sensitivity, as well as poor spatial resolution, 
and suggested that what flower-visiting insects see is a 
rather imprecise coarse spatial array of patches that are 
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Table 5.3 

Floral Colors for Humans and for Bees 


Flower 

Reflectance range 

To humans 

Appearance 

To bees 

Primula auricula 

99% yellow, 1% UV 

Yellow 

Yellow 

Caltha palustris 

95% yellow, 5% UV 

Yellow 

Bee purple 

Verbascum nigrum 

60-80% yellow, 20-40% UV 

Yellow 

Bee purple 

Centiana clusii 

90% blue 

Blue 

Blue 

Veronica chamaedrys 

70-80% blue, 20-30% UV 

Blue 

Violet 

Dryas octopetala 

High blue and yellow, little UV 

White 

Bee blue-green 

Prunus avium 

High blue and yellow, little UV 

White/pink 

Bee blue-green 

Raphanus raphinastrum 

Morph A 

All colors reflect 

White 

White 

Morph B 

Yellow, some UV 

Yellow 

Bee purple 

Penstemon barbatus 

High red, some blue, no UV 

Red/purple 

Bee black 

Papaver rhoeas 

High red, some blue, some UV 

Red 

Bee UV 


Source: Data from Barth 1985 and others. 

Note: All the color appearances attributed to bees are suspect because we cannot tell what a bee really perceives. 




Figure 5.8 Trichromatic plots of flower colors from a community in the Canadian Arctic, with the center (W) in each 
case representing an achromatic white flower where all color receptors are stimulated equally: (A) against the 
human visual spectrum (blue-green-red); the shaded area represents 48 white or white and yellow flowers with the 
dots representing just 12 flowers outside this range as seen by a human; (B) against the bee spectrum (green/ 
yellow, blue, UV); the shaded area represents 1 3 insect-yellow flowers and the dark shading represents insect-green 
flowers (14); clearly the overall range of colors perceived by a bee in this community is greater. (Modified from 
Kevan 1983.) 
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colored differently from what we would see. Evidently 
it is unwise just to record insect recognition of flower 
color patterns in human perception terms, although in 
practice nearly all pollination biologists still do so, for 
lack of any comparably easy method. 


Birds 

Most vertebrates have inherited a tetrachromatic vi¬ 
sual system, and one of their four ancestral cone types 
is primarily a UV sensor. Many birds retain this sys¬ 
tem, with four types of single cones and an additional 
double-cone type, where two cones are tightly juxta¬ 
posed. For a bird, the color space is therefore four¬ 
dimensional and almost impossible to map directly 
onto human perceptions; we cannot in any meaningful 
way describe just what a bird will see. 

The four classes of cones have sensitivities peak¬ 
ing at 543-571 nm (LW), 497-509 nm (MW), 430- 
463 nm (SW), and then either 402-426 nm (VS, or 
very short wavelength) or 355-376 nm (UVS, or ex¬ 
treme short wavelength). Either of these last two types 
confers sensitivity at short wavelengths beyond the 
range of human perception. Birds can therefore, in 
principle, detect UV radiation, and many do have lens¬ 
es and corneas that are transparent to UV light. Huth 
and Burkhardt (1972) specifically demonstrated UV 
sensitivity in hummingbirds behaviorally, long before 
their retinas had been physiologically analyzed. Cuthill 
et al. (2000) reported definite evidence for UV vision 
in at least 35 bird species but also noted that a role for 
UV vision in flower visitors had not really been estab¬ 
lished. UV patterns certainly appear to be rather rare in 
typical red-colored hummingbird flowers, although a 
few examples do occur (Lunau and Maier 1995). 

Birds also have oil droplets in their cone cells that 
filter out light over part of the receptor’s range, narrow¬ 
ing the waveband response of each cone and decreasing 
the overlap between cone responses. The oils probably 
also improve color constancy, whereby objects appear 
the same color even when the illumination changes. 


General Effects 

Of course for most flower visitors, distinguishing be¬ 
tween colors also depends on the size of the flower, 
that is, of the colored target. Hence the term “mini- 



Log color distance 


Figure 5.9 (A) Minimum visual angles for detection of different- 
colored discs presented against a gray background, for bees. Open 
squares show results using stimuli with good green contrast, and 
closed circles are for stimuli lacking green contrast and needing to 
subtend a much larger visual angle before they were detected. Hence 
(B) shows that there is a longer search time for targets with poorer 
color contrast (here expressed as log color distance between two 
stimuli). (Modified from Giurfa and Lehrer 2001.) 


mum visual angle” is often quoted in the literature 
(e.g., Giurfa, Vorobyev, et al. 1996, and fig. 5.9A). A 
honeybee approaching at a distance can detect a flower 
of any color (if it has good contrast with the back¬ 
ground) at a visual angle of about 5°; but they need to 
be closer, with this angle increased to around 15°, if 
there is no good contrast against a green background, 
and search times then become markedly longer. 

From this discussion, it should be apparent that 
within any one taxon, even closely related species can 
have eyes and pigments that differ markedly in spec¬ 
tral sensitivities and in their ability to resolve differ¬ 
ences, suggesting that visual systems are highly plas¬ 
tic. For this reason, strong selection on floral color 
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may be unlikely, except where the visitor spectrum to 
a particular plant species is small and consistent (i.e., 
for a rather specialist plant). 

4. Color Preferences in Animals 

Flower color is important in pollination ecology be¬ 
cause the main pollinating taxa do have good color vi¬ 
sion, and it is well documented that color preferences 
occur in different animals. In more sophisticated flow¬ 
er visitors, including bees and vertebrates, it is widely 
assumed that there may be an initial innate preference 
(Lunau and Maier 1995) and a subsequent learned 
preference associated with rewards received. At least 
in hawkmoths (Goyret, Pfaff, et al. 2008) and bumble¬ 
bees (Gumbert 2000), this dichotomy has been experi¬ 
mentally demonstrated to be broadly true, although an 
experienced bee will revert to its innate preference if 
no color similar to its acquired or trained preference is 
on offer. Thus long-range attraction by display of an 
appropriate flower color can be a simple and effective 
way to attract the desired visitors and potential polli¬ 
nators. It can also be fast: butterflies, flies, and bees 
can all learn a color-reward association in a single trial 
(fig. 5.10A), although precision of choice varies with 
the exact color pairing offered (fig. 5.10B). 

Table 5.4 shows a simplified summary of supposed 
(usually innate) color preferences for flower-visiting 
animals. A table such as this raises some major prob¬ 
lems, partly because it probably confuses innate and 
learned preferences, and also because versions of it 
have been in circulation for well over a hundred years 
that were at least initially principally based on obser¬ 
vation and correlation, without experimental testing, 
thus leading to some rather circular arguments. Even 
now, rigorous experimental tests of animal color pref¬ 
erences are often missing. An additional problem is 
that colors of petals and other floral structures are 
sometimes correlated with additional plant traits that 
exert contrasting or complementary effects, and these 
have rarely been tested for. One example occurs with 
the genus Raphanus (wild radish), where different 
color morphs vary substantially in their inducible glu- 
cosinolate concentrations (glucosinolates being one of 
the main chemical defenses in the crucifer family). 
The darker pink/purple- and bronze-flowered morphs 
produced more defenses when fed on by Pieris cater¬ 
pillars than did the white and yellow morphs (fig. 5.11), 
so the herbivores preferred the yellow morphs, coun¬ 


teracting the flower-color-selection from pollinators 
because these (especially bees) also preferred the yel¬ 
low and white flowers (S. Strauss et al. 2004; Irwin 
and Strauss 2005; S. Strauss and Whittall 2006). 

However, based on reasonably careful observation 
and experiment we do now have good data on the color 
preferences of some groups that supplement the broad 
generalizations found in table 5.4. (Details and refer¬ 
ences on these points are given in the chapters dealing 
with specific groups). 

1. Beetles usually have preferences for white, cream, 
and yellow/green flowers, but in a few cases make 
more specific choices; for example, southern Afri¬ 
can monkey beetles will select orange flower mod¬ 
els over yellow, blue, or red. 

2. Many generalist flies that visit flowers have a pref¬ 
erence for yellow, or yellow and white, flowers. 

More specialist flower-visiting flies, such as syr- 
phids and bombyliids, prefer pink, purple, or blue 
flowers, although syrphids also like yellow centers. 

3. Butterflies in general like white, yellow, orange, 
pink, and red; more primitive ones, such as 
nymphalids. often prefer yellow, and others com¬ 
monly frequent pink or red blossoms. Some ad¬ 
vanced butterflies with good red sensitivity may 
respond particularly strongly to red non-UV- 
reflecting flowers. 

4. Diurnal hawkmoths, such as Macroglossum and 
Manduca , have an innate preference for blues but 
will learn a preference for almost any color. 

5. Nocturnal moths and bats usually prefer strong 
whites, creams, or pastel shades that are conspicu¬ 
ous in poor light; but they always require scent 
cues in addition. 

6. Bees vary in their choices; honeybees prefer flow¬ 
ers toward the blue end of the spectrum when na¬ 
ive, but this is partly dependent on background 
contrast and is readily overridden by learned 
preferences. 

7. Birds have no innate preference for red colors but 
learn this as a choice (see below). 

However, preferences cannot be taken too far when 
comparing insect taxa. Figure 5.12 shows an example 
of the range of flower colors visited by different insects 
expressed in terms of the bee color spectrum, with 
most groups predominantly selecting “blue-green” 
flowers within the choices offered. It might be noted 
here that these data were taken as evidence against 
color syndromes (Waser et al. 1996; chapter 21). 
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Figure 5.10 (A) Color-learning performance compared 
in butterflies ( Papilio ), flies ( Lucilia ), and bees (Apis) 
with spontaneous color choices in naive individuals 
(Sp) contrasted with trained choices (Tr, after one 
sucrose reward). Correct decisions made after training 
on different colors (red and yellow for butterflies, blue 
and yellow for flies) are similar, except for bees, whose 
training with blue discs is less successful than with vio¬ 
let (redrawn from Weiss 2001, based on various au¬ 
thors). (B) Percentage of correct choices through suc¬ 
cessive trials for bees trained on two 
different-colored targets; learning is faster with a 413 
nm target (blue) than with the 532 nm target (green) 
(modified from Menzel et al. 1993). 
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Table 5.4 

Flower-Visiting Animals' Supposed Color Preferences 


Vertebrates 

Bats 

White, cream, dull green, dull purple 

Non-flying mammals 

Red, brown, dull shades 

Birds 

Red, orange 

Insects 

Bees 

Blue, purple, pink, white; yellow in less advanced and/or short-tongued types 

Beetles 

Cream, dull light green; red or orange in a few species 

Butterflies, diurnal moths 

Red, pink, purple; yellow in less advanced types 

Moths 

White, cream 

Flies (most) 

White, cream, yellow/green 

Carrion flies 

Brown, deep red, purple 

Wasps 

Brown, green 


Source: Modified from Kevan 1983, Scogin 1983, and various sources. 
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Figure 5.11 Evidence that flower color and floral de¬ 
fences interact. Here the percent change in glucosino- 
late concentrations in leaves and petals varies for differ¬ 
ent morphs of Raphanus after damage by Pieris 
caterpillars, with the bronze morph showing a much 
greater induced defense in its leaves and the purple 
morph showing the greatest induction in its flowers 
but with yellow flowers showing almost no change. 
(Redrawn from Strauss and Whittall 2006.) 
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Figure 5.12 Color preferences of pollinating insects at a 
site in Germany with 154 flower species, showing the 
proportions of flowers of different colors (scored for 
the insect visual system) visited by different taxa, with 
blue-green (usually human white) preferred by most 
groups (see fig. 5.3), although with large bees and 
butterflies also visiting high proportions of UV-blue and 
bee-blue flowers (blue, purple, and pink to humans). 
(Modified from data in Waser et al. 1996.) 


Where color preferences do exist in particular 
flower-visiting animals, whether innate or learned, the 
resultant floral color constancy is often critically im¬ 
portant for foraging insects, in turn ensuring the visi¬ 
tor’s floral constancy that is so important for the plant. 
In principle, then, colored flowers are a good way to 
ensure constancy for most insects, and also for bats, 
which learn color well, although this is probably less 
true for birds, which have good color vision but learn 
colors and color associations less easily. Fairly precise 


color constancy has been demonstrated experimentally 
in several bee species and in at least one moth (Kelber 
and Pfaff 1997). In fact for bees, constancy is highly 
correlated with color differences as tested experimen¬ 
tally (P. Hill et al. 2001; chapter 18). 

If there are flower-color preferences, a further ques¬ 
tion arises as to what degree flower color is adaptive 
and associated with particular pollination syndromes? 
This is hard to test rigorously except with a genus nat¬ 
urally exhibiting very large color variation and visitor 
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variation. Armbruster (1996) investigated it with 35 
species of Dalechampia, using the colors of bracts, se¬ 
pals, resin glands, and stigmas. With phylogeny con¬ 
trolled for, he found only one rather weak association, 
that between bract color and pollination mode, with 
species pollinated by female euglossines preferring 
white or pink bracts and those visited by smaller 
megachilid bees preferring green bracts. There were 
no significant links between pollinator type and the 
colors of other features. Overall, he suggested that se¬ 
lection for white or pink bracts might relate to existing 
pigment-synthesizing abilities in particular clades, the 
pink bracts tending to occur in species that also had 
red pigments (anthocyanins) in the leaves and stems 
(thus pleiotropy lies at the root of any apparent prefer¬ 
ences). Rausher (2008) analyzed evidence for color 
transitions in flowers as related to pollination and 
found it to be equivocal, quite often being related to 
nonpollinator agents acting on the pleiotropic effects 
of flower-color genes. 

However, there are a good many examples, from 
work on Penstemon, Mimulus, and other large genera, 
that reveal color as a key component in delineating 
particular syndromes; some of the work on Penste¬ 
mon is covered in Specific Flower Colors and Associ¬ 
ated Visitation Patterns below, and other examples 
will be met in more detail, in context, in chapters 11 
and 20. 


5. The Ecology and Evolution of Flower 
Color and Color Preferences 

Chittka et al. (2001) considered whether there was co¬ 
evolution of flower color and pollinator color vision. 
The latter came first in evolutionary terms, so presum¬ 
ably flowers would have had to adapt to it to set off a 
coevolutionary process. Some indications that this may 
have occurred come from the recurrence across many 
families of common color patterns, such as yellow 
central structures and yellow pollen with high color 
purity (Lunau 1992a, 1996a, 2000), and increased 
peripheral shortwave reflectance (Kevan 1983). Ob¬ 
servations that sympatric heterospecific flowers tend 
to be as different as possible (e.g., in Phlox), with hy¬ 
brids disfavored, and that flower colors do often have 
sharp steps in their spectral properties just at the wave¬ 
lengths where pollinators are most sensitive (Chittka 


1997) may also support the hypothesis of coevolution¬ 
ary influences. 

Specific Flower Colors and Associated 
Visitation Patterns 

Yellow Flowers 

Yellow flowers and white and yellow combinations 
are very common in most floras. In general, many of 
the less specialized flower visitors have an apparent 
preference for yellow, as seen, for example, with 
many flies and some butterflies. More specifically, 
Lunau and Wacht (1994) showed that the hoverfly 
Eristalis had an innate response (the proboscis exten¬ 
sion reflex, PER, which is present in completely naive 
insects) to monochromatic light at a narrow wave¬ 
lengths in the yellow part of the spectrum (520-600 
nm). This response corresponds to the known spectral 
sensitivity of the longest wavelength photoreceptor 
present in most insects. Most pollens are yellow and 
reflect light in that wavelength. In fact, yellow pollen 
is ancestral (chapter 7), the pigments that produce 
yellow colors being protective against UV damage, 
and perhaps yellow pollen entrained in flower visitors 
a preference for the color yellow. This possibility sug¬ 
gests that a flower of similar color to pollen may 
have been a very good ancestral state to attract a good 
range of generalist insects, and it would also fit neatly 
with the continuing abundance of yellow-centered 
flowers. 

Many yellow flowers also have strong UV reflec¬ 
tion, which will give particularly high contrast against 
a pure yellow background, so that guide marks can 
readily be added to an ancestrally yellow flower. 

Red Flowers 

Red flowers are reasonably common, but more so in 
some habitats (and some seasons) than others. Why 
should this be? There appears to be a correlation with 
bird visitors, hence red flowers are abundant in habi¬ 
tats where bird pollination is common. Crosswhite and 
Crosswhite (1981) suggested that red had been select¬ 
ed for because it gives the best signal strength to birds 
at a distance. Alternatively it has often been assumed 
that many insects, including bees, cannot detect red 
wavelengths (600-650 nm), so that red flowers would 
be a way of attracting animals other than bees—mainly 
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hummingbirds—so explaining the greater frequency 
of red flowers in Neotropical communities. 

We now know that bees can distinguish red flowers 
reasonably well. However, most of the red flowers 
with reflectance around 650 nm do present a problem 
for detection in that they produce poor contrast against 
a green foliage background. Hence insects do find and 
visit red flowers but will usually locate both red and 
UV flowers more slowly than blue and yellow flowers 
when presented against a green foliage background. 
Hence red flowers are rarely “’preferred” by bees, 
hoverflies, and other good insect pollinators. 

Why then do birds visit red flowers? Humming¬ 
birds probably do not have an innate preference for 
red. They may detect red more easily than bees do, but 
they will visit flowers of all colors largely according to 
the nectar quality that they receive. That is, their re¬ 
ported preference for red is almost certainly a learned 
association. It arises not so much because the birds 
“like” red, but because red flowers are missed by other 
visitors and thus when visited by the birds are still full 
of nectar (K. Grant 1966; J. Brown and Kodric-Brown 
1979; Rodriguez-Girones and Santamaria 2004). Per¬ 
haps for that reason, within a genus hummingbird- 
pollinated plants are indeed more likely to be red (J. 
Thomson et al. 2000), and increased numbers of red 
flowers do indeed occur in the Neotropics. In a multi¬ 
dimensional study of Penstemon species by P. Wilson 
et al. (2004, 2006), color was the single best predictor 
of hummingbird visitation, and species attracting birds 
(rather than bees) showed an evolutionary shift from 
blue/violet colors to pink/magenta colors; then with a 
further shift to red/orange, they not only attracted birds 
but also deterred bees. 

There may also be another (associated) reason for 
red bird-visited flowers: if hummingbird flowers with¬ 
in a given Neotropical community converge on red, 
they can then form a mimicry ring supplying the birds 
with nectar through a whole season, by which all of 
them gain (Bleiweiss 2001; and chapter 21). 

In these scenarios, birds will learn a preference for 
red flowers. Then even when the flower itself is rela¬ 
tively cryptic, some hummingbird-visited flowers may 
attract the birds by having red colors elsewhere—on 
the bracts or, even more spectacularly, as red spots on 
the leaf tips in the Central American Columnea florida 
appearing only when the (relatively hidden) flowers 
are mature. 

This does not mean that a Neotropical red flower is 


purely associated with birds of course; the classic and 
well-studied red hummingbird flower Ipomopsis ag¬ 
gregatei has a reflectance from 300 to 600 nm and does 
attract many hummingbirds, but in practice it is also 
visited by bumblebees, solitary bees, syrphids, hawk- 
moths, and butterflies (Mayfield et al. 2001). 

Finally we should note that red flowers are also 
common in an entirely different habitat, around the 
Mediterranean basin in early spring (anemones, tulips, 
poppies etc.). In this case, bird visitation is not the is¬ 
sue, and in the Eastern Mediterranean the red flowers 
are mainly visited by beetles (Dafni et al. 1990). Here 
the flowers are coming into bloom before there is much 
foliage, and perhaps red colors stand out well against 
barren sandy backgrounds. 

Blue Flowers 

Blue flowers, and often mauve and purple flowers, 
commonly have bees as their main visitors (Kevan 
1983), although hoverflies and bombyliid flies are also 
common. A preference for blue flowers may be linked 
to an association of color with reward: blue and bee- 
UV/blue flowers have higher rewards, at least where 
this has been tested—in Israeli (Menzel and Shmida 
1993) and German (Giurfa et al. 1995) floras. Species 
of Bombus from Europe, Japan and North America, 
when tested in a naive state, all preferred blue and vio¬ 
let flower to any others offered (Chittka et al. 2001). 
However the preference could be strongly dependent 
on background in bumblebees, which were indifferent 
to color tested against a uniform green background but 
preferred blue against a background of real foliage 
(Forrest and Thomson 2009). 

Are There Temporal or Spatial Color Patterns 
in Flowering Communities? 

The concept of temporal or spatial color patterns is a 
persistent idea in the literature, although it is expressed 
in different forms. One version suggests that within 
one habitat there are waves of particular colors pro¬ 
gressively through the season, conveying the idea that 
at any one time many flowers converge on a particular 
color, perhaps to form a mimicry ring. Gumbert et al. 
(1999) tested this general idea in flowering communi¬ 
ties in Germany, assessing flower color as bees would 
see it, and found that in practice most communities 
were not significantly different from random in the 
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colors of simultaneously blooming species; the excep¬ 
tions were some of the rarer flowers, which might be 
under stronger selection to secure pollination. 

Alternatively, it may appear that within species ear¬ 
lier and later flowering populations may have different 
colorations. For example, Lupinus nanus has less blue 
reflectance and fewer nectar guides in seasonally early 
strains, but it is a stronger blue and has more obvious 
guide patterns later in the season, when pollinators are 
more abundant and competition is greater (Horovitz 
and Harding 1972). Similarly, different color morphs 
of Epacris impressa are related to pollinator abundance 
(Stace and Fripp 1977): red morphs flower in winter, 
when there are no insects but birds do visit, whereas 
white morphs occur in spring, when insect numbers 
are increasing. This again supports the case for a selec¬ 
tive effect on flower color exerted by pollinators. 

Shading also has an effect. Yellow flowers domi¬ 
nate many grasslands and deserts, but whites and pinks 
are commoner in nearby woodlands (H. Baker and 
Hurd 1968), or paler flowers occur in dense woodlands 
compared with open woodland (del Moral and Stand- 
ley 1979). Similar trends can sometimes be seen with¬ 
in a species, for example Ipomopsis aggregata tends to 
be red within forests but white or pink in open sites 
(Elam and Linhart 1988). Some such effects are very 
likely to be temperature related, and there is little di¬ 
rect evidence (there has indeed been little testing) of 
effects relating to pollination ecology, but it is never¬ 
theless easy to speculate on links with pollinator abun¬ 
dance: flies and moths are commoner in shaded forest 
floors and bees more abundant in open habitats. 

There are also some suggestions of biogeographi- 
cal patterns in flower colors (e.g., Kevan 1972; Scogin 
1983). Temperate regions have the widest range of 
flower colors. The high Arctic has an unusually large 
proportion of white and yellow flowers (Kevan 1972) 
and a low incidence of UV-reflecting flowers (Kevan et 
al. 2001), perhaps relating to the rarity of bees and 
prevalence of flies. High-elevation habitats often have 
many blue flowers, whether in Europe, the Rockies, or 
Southeast Asia (Weevers 1952), an effect that is pro¬ 
duced by an unusually high proportion (>60%) of 
delphinidin-containing flowers while only 2% contain 
red pelargonidin (Acheson 1956). For some specific 
plants there is a trend to paler colors with altitude (spe¬ 
cies of Trifolium, Campanula, Cypripedium), whereas 
for others the trend is reversed, with Primula, Daphne, 
and Crocus species (all rather early flowering) often 


more intensely colored at altitude (Rafinski 1979; Ke¬ 
van 1983). The tropics have more bright red and or¬ 
ange flowers and fewer blue ones; Beale et al. (1941) 
linked this finding to high proportions (38%) of pelar- 
gonidin-containing plants. Note that many of these 
studies date from a period when the chemical analysis 
of flower color was in vogue and have not really been 
followed up by ecological analyses; but these trends 
have traditionally been linked to trends in pollinator 
availability with more insects (especially flies) at high 
altitudes, more bee diversity in temperate zones, and 
more flower-visiting birds in the tropics. 

Plant species composition may also have an influ¬ 
ence. Ostler and Harper (1978) reported a specific 
trend for more blue flowers in high-diversity commu¬ 
nities and more yellow flowers in less speciose zones; 
again perhaps this could be linked to the greater num¬ 
bers of specialist bees in very diverse communities, 
but strict evidence is lacking. 

Effects of Color Polymorphisms 

There are many recorded examples of pollinators dis¬ 
criminating between flower color morphs and perhaps 
thereby exerting directional selection. This kind of 
study is useful because the morph variation does not 
affect all visitors equally; for example, with Raphanus 
morphs Pieris butterflies and Eristalis flies both pre¬ 
ferred the “insect-purple” morph, while Bombus pre¬ 
ferred the white flowers (Q. Kay 1976, 1978). For 
Claytonia, preferences differed between flower visi¬ 
tors, herbivores, and pathogens (probably helping to 
maintain the polymorphism), and flower color seemed 
to be selected largely independently of other floral 
traits (Frey 2004, 2007). With computer simulations 
and using both virtual and real hummingbirds and 
bumblebees, Gegear and Burns (2007) showed that 
color preferences alone could drive ecological specia- 
tion in polymorphic flower populations. 

Selection can also operate in different directions for 
different pollinators. Positive frequency-dependent 
foraging is normally expected, but there may be nega¬ 
tive frequency dependency where competitive effects 
interact with reward patterns. For example, in Clarkia 
xantiana, Eckhart et al. (2006) found no overall pref¬ 
erence for morphs with and without strong-colored 
petal spots when testing pollinator assemblages as a 
whole, but there was a strong positive frequency 
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dependence in the most widespread bee Hesperapis 
and a preference for whichever morph was locally in a 
minority for two other specialist bees, so that a mix¬ 
ture of positive and negative effects probably main¬ 
tained this polymorphism and may also have contrib¬ 
uted to pollinator coexistence. 

But such effects are not always present. In Polem- 
onium viscosum in the Rockies, most pollinators did 
not discriminate between white and blue/purple 
morphs (Galen and Kevan 1980), even though these 
should appear to the visitors as very distinctive “insect 
yellow” versus “insect green or blue-green” (although 
bumblebees did choose between them almost entirely 
on the basis of different scents, described as sweet and 
skunky, respectively, as discussed in the next chapter). 
It is likely that some of these morph color differences 
may just be due to edaphic or climatic differences and 
have no real selective effect. 


Other Selective Influences on Flower Color 

Protective coloration, crypsis, and aposematism are 
well known in other organisms; do they occur in flow¬ 
ers? There is perhaps some correlation between toxic¬ 
ity and flower color (Hinton 1973), and it could be ar¬ 
gued that the ancestral flowers were originally brightly 
colored as an aposematic signal, to warn off contem¬ 
porary reptiles and other herbivores. Floral color can 
still also be under selection for repellency to herbi¬ 
vores; for example, Irwin, Adler, and Brody (2003) 
with Raphanus and Frey (2004) with Claytonia showed 
that the outcome of conflict between pollinator attrac¬ 
tion and herbivore repellence was the maintenance of 
a floral color polymorphism. 

Crypsis is presumably counterproductive for 
animal-pollinated flowers, for which the main require¬ 
ment must be to attract attention. But some organisms 
do manage to be cryptic on flowers, thus becoming 
better predators (e.g., crab spiders; chapter 24). Fur¬ 
thermore, many of the very small animals that feed on 
or in flowers, such as thrips and bugs, are pale and 
cryptic against generalist cream or yellow-green flow¬ 
ers. Flowers may also benefit from having color pat¬ 
terns that suggest the presence of a potential mate to 
an incoming insect, which may explain the presence of 
darker, often pink/purple, florets at the center of carrot 
umbels (Goulson et al. 2009), the plants with more 
such dark florets attracting more beetle visitors. 

One other aspect of flower color to be considered is 


the relation of color to thermal biology; pale-colored, 
highly reflective flowers may remain cooler than more 
absorptive, dark-colored flowers. This point is taken 
up again in chapter 9 in relation to floral heat as an 
alternative form of reward. 


6. Nectar Guides 

Nectar guides, which are distinct in color from the rest 
of the corolla (at least as interpreted by humans), are 
common in flowers and most often get their coloration 
from flavonol pigments (W. Thompson et al. 1972). 
Early studies (e.g., Daumer 1958), in which flowers 
were observed with UV filters, indicated that nectar 
guides, whether as spots or stripes or radiating patterns, 
were differentially distributed in flower types (table 
5.5). These data could be taken to indicate a greater 
likelihood of guide marks when the flower is more 
complicated and the route to the nectar less obvious, a 
point specifically made by Kugler (1963) and Mulli¬ 
gan and Kevan (1973) and strongly implying adaptive 
significance. Furthermore, where guide marks were 
apparently absent, Kugler (1963) reported that the an¬ 
thers or stigmas were usually strongly UV absorbing, 
so marking the floral approach in a similar fashion. 

To many insects, then, these color-based guides 
may help to highlight the architecture of the flower 
during the approach, making foraging more efficient 
(Heinrich 1975a). However, direct evidence for their 
importance in guiding a visitor’s approach has been 
rather mixed, perhaps because of an early over¬ 
emphasis on their UV components (e.g.. Knoll [1925] 
with hawkmoths, A. Manning [1956a] with bumble¬ 
bees, and Free [1970a] with honeybees). Daumer 
(1958) did produce neat evidence for guided responses 
in honeybees with Helianthus, in that when he artifi¬ 
cially reversed the petals, the bees reversed their nor¬ 
mal behavior, landing centrally and then walking out 
to the rim and only extending their proboscis on reach¬ 
ing the UV-absorbing guide marks that were now pres¬ 
ent at the flower edge. Hoverflies ( Eristalis ) found the 
center of a dummy flower faster when guidelines were 
present (Dinkel and Lunau 2001) and also showed 
specific responses to colored-dot guides on saxifrage 
flowers, where there is a centripetal transition from red 
to orange and then to yellow dots (Lunau et al. 2005). 
More recently, Medel et al. (2003) showed that varied 
guide shapes in Mimulus luteus differentially affected 
insects (which preferred guides pointing to the center) 


Table 5.5 

Occurrence of Nectar Guides in Different Flower Types 
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By flower form 

% with guides 

By visitor type 

% with guides 

Bowl, bell and tubular 

-50% 

Butterfly 

83% 

Gullet and composite 

-70% 

Bee 

76% 

Leguminous flag 

88% 

Generalist 

50% 


Source: Modified from Kugler 1963 and Kevan 1983. 


and birds (which preferred heart-shaped guides; fig. 
5.13C). And where pigments are lost and such guides 
are missing, bees appear to take significantly longer to 
find the flower center and to probe correctly. 

Although the guides are often visible to us (plate 15), 
some are only revealed to the human eye with UV pho¬ 
tography (Guldberg and Atsatt 1975; Harborne 1993); 
being strongly UV reflective would make the guides 
conspicuous to bees, or if strongly UV absorbing, they 
would produce a contrasting dark mark to an insect (fig. 
5.13A shows some examples). Very commonly nectar 
guides do appear (especially to bees) as strikingly con¬ 
trasted with the background color of the petals, whether 
as spots or stripes. Like anthers, the marks tend to have 
strong color purity (Lunau et al. 1996). 

The guide patterns take on many different forms. 
Concentric circles of different colors are common in 
radial flowers (e.g., Asteraceae, Primulaceae, and My- 
osotis and other flowers in Boraginaceae; plate 16F), 
commonly with shorter wavelengths peripherally 
(blue, purple) and white or yellow centrally (plate 
21A). A circle of spots is common (e.g., plates 5F and 
15H). Radiating lines also occur in many radial flow¬ 
ers (e.g., Geraniaceae, plate 21B; and fig. 5.13B). In 
zygomorphic blooms a single dark dorsal blotch (plate 
11G) may help orient a visitor, or there may be con¬ 
trasting blotches near the flower center (fig. 5.13C, 
also showing different sizes and shapes linked with 
bees and birds); where many smaller spots occur, they 
again tend to become denser toward the entrance (as in 
foxglove, plate 15G). Lines converging toward the 
corolla entrance are common in orchids, as well as in 
Fabaceae and Violaceae (plate 15), effectively point¬ 
ing to the rewards. In laboratory studies, A. Anderson 
(1977) showed that the stripe widths and spacings are 
often such that they closely match the preferred pat¬ 
terns of honeybees. 


For nectar guide spots, and for contrasting central 
colored areas in flowers, there is some evidence that 
they may serve as a mimic of pollen and anthers; they 
are often white or yellow and are more frequent on 
flowers where the pollen itself is hidden (e.g., in fox¬ 
gloves, white or purple spots occur on pink and purple 
flowers in which the pollen is concealed, but no spots 
occur on the yellow foxglove, where the anthers visi¬ 
bly protrude). Heuschen et al. (2005) showed a spe¬ 
cific and innate preference in bumblebees for two- 
colored flowers, where the inner color areas were 
similar to the color of pollen. Indeed most flower pat¬ 
tern preferences in insects have been interpreted as an 
innate response to anther-like and pollen-like mark¬ 
ings (Osche 1983; Lunau 2000), which would normal¬ 
ly guide an incoming visitor to the food-dispensing 
(and conveniently past the pollen-depositing) part of a 
flower. Hence bees, which show an antennal response 
to scented anthers by touching the pollen with the tip 
of each antenna, show the same response most strong¬ 
ly (even in naive untrained bees) to flowers bearing 
marks—such as two erect ovals—that resemble an¬ 
thers (Lunau 1991). Pohl et al. (2008) found that in 
dichogamous plants, the sexual phases of flowers with 
bright yellow, anther-like floral guides were less easily 
discriminated by bumblebees; in effect, the spectrally 
appropriate guides ensured that bees still visited (and 
potentially pollinated) female-phase flowers even 
though these yielded no pollen. 

7. Floral Color Change and How 
It Can Control Pollinators 

Many flowers change color in their lifetimes just due 
to the loss of pigmentation that accompanies gradual 
senescence and wilting. But others show a more 
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Figure 5.13 Nectar guides in flowers: (A) guides on apparently uni¬ 
formly colored flowers as seen in UV light (though these are now 
known not to be as especially significant as once thought; see text) 
(modified from Kugler 1966); (B) honeybee landings on six pure yel¬ 
low models and on the same models with blue nectar-guide lines 
added; the model with nectar guide is always preferred, the number 
of landings with (and without) guides being shown below each mod¬ 
el (modified from Free 1970a); (C) mean size (face on) of corollas and 
of guides on flowers visited by hummingbirds and insects (also show¬ 
ing some difference in shapes of the guides (redrawn from Medel et 
al. 2003). 


controlled color shift, with underlying specific pig¬ 
ment changes, unrelated to any loss of viability or tur¬ 
gor and followed by a significant period of flower re¬ 
tention. Color change that is potentially adaptive and 
not merely related to ageing is known in more than 80 
angiosperm families. Familiar examples occur in lung¬ 
worts ( Pulmonaria ), which change from pink/red at 
the bud-opening stage to purple or blue when mature, 
a change that is commonplace in other Boraginaceae 
as well as in Polemoniaceae, Convolvulaceae, and 
some of the common gullet flowers in Fabaceae and 
Scrophulariaceae. This pattern of occurrence of adap¬ 
tive color change provides indications of multiple con¬ 
vergent evolutionary changes. 

The color change can involve all or just part of 


flower. Partial changes may affect almost any tissues. 
For example, in Lantana camara all the corolla petals 
change, originally from yellow through orange to red 
but now with other combinations in hybrids (plate 
16B); and in Raphiolepis wnbellata (Rosaceae), the 
stamens change from yellow to red. In the horse chest¬ 
nuts ( Aesculus ) nectar-guide spots on the lower petals 
change from yellow through orange to pink (plate 
16C), and nectar is present only in the yellow or or¬ 
ange phases. In some species, the floral scent also 
changes (Lex 1954). And in Catalpa bignonioides 
there are conspicuous corolla marks interpreted as 
pseudostamens (Lunau 2000) that change from bright 
yellow to dark purple (Lunau 1996b), again accompa¬ 
nied by a marked reduction in nectar reward. 
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Very often, the changes occur in response to visita¬ 
tion or some aspect of pollination and can be inter¬ 
preted as an adaptive response by the flower that serves 
to direct visitors to those flowers that are not yet pol¬ 
linated. The common linkage between color change 
and reduced reward status again indicates an adaptive 
response, the plant ceasing to put valuable sugar re¬ 
sources into flowers that are already fertilized while 
maintaining the reward in the unchanged flowers that 
still signal their need for a visitor. 

Appropriate responses to color change are known 
in many pollinators. Examples include different spe¬ 
cies of butterflies that show different color preferences 
when responding to Lantana (Dronamraju 1960; Ram 
and Mathur 1984), and hoverflies responding to a 
change in the coronal scale color (plate 16F) of Myo- 
sotis (Nuttman and Willmer 2008). Honeybees and 
bumblebees visit only lupins with prechange banner 
petals (Schaal and Leverich 1980; Nuttman and 
Willmer 2003); bumblebees visit only young flowers 
of Aecsculus with yellow nectar guides (Barth 1985); 
Anthophora bees and bumblebees visit pink (but rarely 
blue) Pulmonaria (plate 16D; pers.obs.; Oberrath and 
Bohning-Gaese 1999) and also choose yellow (but not 
white) Alkanna (Willmer et al. 1994; Nuttman et al. 
2006). 

The direction of color change is perhaps most often 
toward a less conspicuous, and usually a darker, color. 
Some plants mainly visited by insects change from 
light pinks or oranges to a darker red, taking them out 
of the best visual sensitivity range; some nocturnal 
flowers change from pale to dark colors, becoming 
more or less invisible against the background foliage 
(e.g., Cobaea, Proctor and Proctor 1978). Changes in 
ultraviolet reflection are also known (C. Jones and Bu- 
chmann 1974), which should affect visibility and con¬ 
trast for certain visitors. Some species have changes in 
petal markings that again reduce contrast and conspic¬ 
uousness, as for example in lupins, where in one spe¬ 
cies a white banner spot changes to purple or in an¬ 
other species changes from yellow to blue, in each 
case making the spot much less distinct from the main 
petal color. There may also be cases of a change to a 
color that has greater attraction for a different kind of 
pollinator. For example in Lantana camara, flowers 
are normally yellow on day 1, orange on day 2, and 
thereafter pink, red, or purple. Nymphalid butterflies 
were found to prefer the yellow/orange flowers, while 
three other butterfly species in other families preferred 


orange/pink flowers, and yet another was completely 
undiscriminating (Dronamraju 1960). A more spec¬ 
tacular effect occurs in Quisqualis indica, a climber 
whose long tubular flowers are white and horizontal 
on their first night of opening, when they are visited by 
hawkmoths, but which change over the next two days 
through pink and red and become pendulous with 
somewhat larger corolla diameters, still containing 
some nectar (which has now slid down toward the co¬ 
rolla mouth) and attracting daytime visits from bees, 
flies, and sunbirds (Eisikowitch and Rotem 1987). 

Color change linked to changing reward status can 
potentially offer a useful resource signal to visitors, so 
that they only visit “prime” flowers. But if color change 
were also triggered by an aspect of visitation or polli¬ 
nation, then it would additionally serve as an ecologi¬ 
cal signal to visitors. As such, it would be one of a 
range of possible postpollination changes that could 
be adaptive (Gori 1983; and Flower Longevity and 
Flowering Period in chapter 21). These might include 
changes in morphology, orientation, or scent, as well 
as color, that either make the flower inconspicuous, 
unattractive, or inaccessible to a visitor or that signal 
that the flower is no longer worth visiting (after the 
animal has learned the association between signal 
change and reward change). Two examples of color 
changes that are triggered or accelerated by visitation 
or pollination are shown in figure 5.14. This triggering 
is by no means always present however, and (for ex¬ 
ample) it does not seem to occur in Pulmonaria (Ober¬ 
rath et al. 1995). 

Many flowers that change color, whether simply 
with age or as a postpollination response, nevertheless 
remain on the plant for some time after the change, 
even though they have little or no reward on offer. In 
this way they can continue to contribute to the overall 
floral display of the plant from a distance but can be 
discriminated and rejected by experienced visitors at 
close range (Weiss 1991, 1995a). There are some in¬ 
stances where the older color-changed flowers do not 
seem to add to long-range attraction (e.g., Pedicularis 
monbeigana, where the flower lip changes from white 
to purple [S. Sun, Fiao, et al. 2005], or Cryptantha 
where yellow coronas change to white [Casper and 
FaPine 1984]). But more commonly, attraction in¬ 
creases. In Alkanna, for example, the flowers change 
from yellow to cream after pollination (Willmer, Gil¬ 
bert, et al.1994; Nuttman and Willmer 2008), and the 
cream flowers remaining on the plant increase overall 
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Figure 5.14 Effects of floral color changes on visitation: 
(A) in Alkanna, Anthophora bees are more likely to visit 
bright yellow flowers and hardly ever visit the pale post¬ 
change flowers (expected frequencies based on availabil¬ 
ity of color phases in the population) (from data in Nutt- 
man et al. 2006); (B) in Myosotis, hoverflies choose the 
flowers with yellow coronal scales and largely ignore 
those where the scales have changed to white (see plate 
16F) (redrawn from Nuttman and Willmer 2008). 


attractiveness to bees from a distance (Stone et al. 
1999). The same is true in Erysimum scoparium, which 
changes from white to purple (Ollerton, Grace, et al. 
2007). Myosotis sylvatica is particularly interesting 
because the corolla changes with age from pink to 
blue, but this shift has no effect on visitors; the adap¬ 
tive change is restricted to the coronal scales around 
the neck of the corolla turning from yellow to white 
(as in Cryptantha ), an effect to which visiting hover- 
flies are very responsive, showing a PER with 94% 
frequency to a yellow corona but only 14% frequency 
to a white corona (Nuttman and Willmer 2008). The 
corolla color change is automatic and simply age re¬ 
lated, while the coronal change is accelerated by pol¬ 
lination (fig. 5.14B). The retained postchange flowers 
may increase long-range attraction and also improve 
the landing platform for visiting hoverflies. 

Where they do occur, these kinds of postpollination 
changes could be useful to both partners. The 
postchange flowers persisting on the plant enhance 
overall attractiveness at a distance so they benefit the 
plant; at close range they also dissuade visitors from 
wasteful visits to already-pollinated flowers and direct 


them toward higher rewards, so benefitting the animal, 
and thus also to more “useful” (possibly pollinating) 
activity on the prechange flowers that will again ben¬ 
efit the plant. However, Kudo et al. (2007) demonstrat¬ 
ed with artificial inflorescences that the effect can vary 
with overall display size and flowering pattern and is 
not always beneficial to the plant. 

Mechanisms of changes have been investigated in 
Lupinus pilosus, where color change occurs in the 
banner petal spot only, which goes from white to pink. 
Bees strongly prefer flowers with white spots (fig. 
5.15). Flowers that were not visited (because they were 
bagged) did not have any growing pollen tubes and did 
not undergo much color change. In contrast, exposed 
visited flowers with growing pollen tubes (i.e., already 
pollinated and probably fertilized) did change color, 
over the normal time course (fig. 5.15B). These obser¬ 
vations suggest that color change is indeed functional, 
is triggered by pollination, and can direct visitors to 
other as yet unpollinated flowers (Nuttman and Will¬ 
mer 2003). It also suggests that the growth of pollen 
tubes in the stigma is the probable trigger. Since this 
growth is, from the plant’s perspective, akin to tissue 
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Figure 5.15 (A) Bumblebees visiting Lupinus pilosus show a strong preference for flowers with white banner petal 
spots, largely ignoring the pink or purple postchange flowers (plate 16). (B) The time course of color change in 
bagged versus open flowers: the bagged, unvisited flowers have almost no pollen tubes growing in their styles and 
a very slow color change only beginning on day 5, whereas open, visited flowers show a much faster color change, 
similar in time course to the growth of pollen tubes, both phenomena being effectively complete in four days. 
(Redrawn from Nuttman and Willmer 2003.) 


damage, it is likely to be mediated by ethylene, be¬ 
cause it is a major stress-signal molecule in many as¬ 
pects of plant function that is also widely implicated in 
mechanisms of postpollination reductions in attrac¬ 
tiveness, longevity, and color change (van Doom 1997, 
2002) and in wilting (Hilioti et al. 2000). Thus in Viola 
cornuta, where a color change from white to purple 
occurs after pollination, it has been shown that three 
genes responsible for anthocyanin production increase 


their expression simultaneously, probably turned on 
via hormonal signals from ethylene and gibberellic 
acid (Farzad et al. 2003). 

We now know that reversible color change is also 
possible. In the East African legume Desmodium seti- 
gerum (plate 9F and fig. 5.16), there is a unique ability 
to reverse the flowers’ color and shape changes within 
their one day of life. A single morning visit by a bee 
“trips” the flower explosively to expose the anthers 
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Figure 5.16 Reversible color and shape chang¬ 
es in Desmodium setigerum flowers in East Afri¬ 
ca. Flowers are initially lilac (both keel and 
flag petals, L) and are irreversibly tripped by a 
single visit to expose the stamens and style 
(LV); thereafter they begin to pale (PLV) and 
fairly rapidly close and change color to have a 
white flag and turquoise keel (WT). However 
a small proportion reopen later in the day 
(WTO) and in some cases revert to a darker 
turquoise or recurrent lilac color; these flowers 
are ones which had received little or no pollen 
in their first visit (see text for more details). 
Note irregular time intervals. 

(Redrawn from Willmer et al. 2009.) 


and also initiates rapid change (within about 2 hours) 
from lilac flag and keel petals to a white flag and tur¬ 
quoise keel, with the flag bending over to conceal the 
reproductive parts. But the flowers that receive little or 
no pollen on the stigma can then partially reopen to 
reexpose the stigma, at the same time showing a fur¬ 
ther color change to a deeper turquoise in keel, or flag, 
or both, sometimes with a recurrence of lilac color¬ 
ation in the keel petal. Thus most of the flowers achieve 
full pollination from a single bee visit and undergo no 
further floral changes; but those that received insuffi¬ 
cient pollen can reverse their signals to earn a second 
chance by eliciting further visits from other potential 
pollinators (Willmer, Stanley, et al. 2009). Hopefully 
further examples of this kind of adaptive reversal will 
emerge. 

8. Other Visual Advertising Cues 

Flower Shape and Outline 

Flowers vary enormously in their form (chapter 2), 
and aspects of their size and shape are clearly part of 
the visual advertisement. Spatial flower features in re¬ 
lation to insect vision were reviewed by Dafni et al. 
(1997). Many visitors are particular about their angle 
of approach to flowers, which suggests they have a 
need for a standard shape image. There is substantial 
evidence for shape preferences in many bees and for at 
least some other flower visitors. For example, when 
visiting a crucifer flower (Erysimum mediohispani- 
cani), bees preferred narrow, pointed petals while bee- 
flies preferred rounded, overlapping petals (Gomez 


et al. 2008). Bees also selected symmetrical flowers 
over those with moderate asymmetry (Muller 1995a; 
Giurfa et al. 1996), whereas Midgley and Johnson 
(1998) found no particular symmetry preferences in 
beetles and bee-flies, so a predilection for symmetry is 
not an inevitable condition in flower visitors. 

Bees have an innate preference for flower-shaped 
objects and show a strong preference for somewhat 
dissected shapes, or shapes with a high contour inten¬ 
sity or “edginess.” Hence they prefer flowers with 
frilled edges to flowers with simple outlines and will 
generally prefer six petals to three, and multiple-pet- 
aled, daisylike outlines to simple six-petaled outlines 
(Lehrer et al. 1995). Honeybees are poor at discrimi¬ 
nating among simple solid shapes or among highly 
edgy shapes (fig. 5.17A) but easily sort the latter from 
the former, preferring any of the edgy shapes. How¬ 
ever, they also discriminate between edgy shapes set at 
different angles, detecting as little as 4° difference, and 
preferring whichever angle they have been trained to 
(Wehner 1971, 1981). They learn complex shapes— 
those with a high ratio of contour length to enclosed 
area—more quickly than simple shapes (fig. 5.17C). 

However, working on lavender (Lavandula stoe- 
chas, plate 11H), Herrera (2001a) found that he could 
remove the large purple bracts acting as flags above 
the corollas, making the overall inflorescence appear¬ 
ance quite different, with no effect on male or female 
reproductive success (i.e., pollen grains removed or 
pollen tubes growing), and he suggested that the con¬ 
cept of visual cues as key factors in insect visitation 
has sometimes been overplayed in the literature. But 
Higginson et al. (2007) found that removing the pur¬ 
ple bracts on lavender did reduce the inspection rate 
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Figure 5.1 7 Edge effects in bees: (A) honeybees show poor discrimi¬ 
nation within the shapes on the upper and the lower lines but easily 
discriminate any of the upper line from any of the lower line 
(redrawn from Barth 1985, from data given by von Frisch); (B) bee 
landings on different shapes; trained on the middle shape, they then 
prefer to land on either of the more dissected shapes (numbers are 
landings on alternative models, with landings on original model in 
parentheses) (redrawn from Free 1970a); (C) learning curves for hon¬ 
eybees, with faster learning when the training object is the more dis¬ 
sected, "edgy" shape (redrawn from data in Schnetter 1972). 


by Apis, suggesting that there are more subtle re¬ 
sponses to the visual display than those revealed by 
measuring the final reproductive display. Keasar et al. 
(2007) tried a similar manipulation with the colored 
bracts of Salvia flowers and found that honeybees sig¬ 
nificantly reduced visitation to manipulated flowers; 
these researchers thought the key difference was that 
Salvia bract sizes are strongly correlated with the 
number of open flowers on the inflorescence, so pro¬ 


viding an honest signal of reward, whereas this is not 
always true in lavender (for bract size or even bract 
presence). 

Apart from all the work on bees and some flies, 
Kelber (2002) examined pattern discrimination in a 
hawkmoth and found innate preferences for pattern 
over uniform color, and for particular patterns: radial 
patterns were preferred over tangential, which were 
preferred over striped. These latter pattern preferences 
were fixed and could not be overridden by experience, 
perhaps an important factor in a hovering pollinator 
where patterns guide the feeder to the reward. 

The different spatial preferences of bees, bee-flies, 
and moths, as outlined here, suggest that corolla shape 
can be strongly selected for by visitor frequency, and 
indeed the study by Gomez et al. (2008) noted geo¬ 
graphical variation in Erysimum flower shape linked to 
local pollinator frequencies. 


Flower Texture and Microstructure 

Texture in petals and other floral parts may offer both 
visual and tactile cues to visitors (Kevan and Lane 
1985; Comba et al. 2000), and sometimes this feature 
has significance for pollinators. Petals may be highly 
reflective because their surfaces are very smooth or 
have a somewhat matte appearance where the epi¬ 
dermis is finely structured. Glover and Martin (1998) 
showed a specific role of petal cell shape, which is re¬ 
lated to color and pigmentation, in the pollination of 
Antirrhinum flowers, where conical cells in the epider¬ 
mis affected the perceived color for bees and may also 
have affected their tactile perceptions (Whitney, Chitt- 
ka, et al. 2009). These kinds of “texturing” cells may 
turn out to be quite common. Comba et al. (2000) 
showed that the presence of conical petal cells raised 
intrafloral temperatures, which in turn increased the 
pollinator preference for these flowers (chapter 9). 

In a few cases nectar guides also offer mechanosen- 
sory stimuli, taking the form of grooves or ridges, and 
these can help guide visitors to the nectar (e.g., moths: 
Goyret and Raguso 2006). 


Flower Movement 

The effect of flower movement has been explored only 
minimally, but Warren and James (2008) found that 
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Silene flowers that “waved” (i.e., moved in a light 
breeze because their stalks were thin and flexible) at¬ 
tracted more insect visits, although of shorter dura¬ 
tions, and had a high heritability of stem mobility and 
an optimum median mobility overall. More explora¬ 
tion is needed of floral waving as a means of attracting 
pollinator attention. 

Combining the Visual Cues 

In practice, there can be little doubt that most flower 
visitors will be taking into account many aspects of a 
flower’s visual signals: color(s), size, shape, outline, 
and patterns, including nectar guides. At close range 
they may also potentially respond to flower textures 
and surface sculpturing. The overall message is that 
visual floral advertisement is complex and that the 
cognitive abilities of the pollinators are rather sophis¬ 
ticated and quite varied. Nevertheless, several authors 
have pointed to a suite of fairly consistent features 
found in a great many flowers that seem to indicate a 
degree of coevolution with the cognition of their main 
pollinators. These would include 

1. the presence of strong UV patterns, 

2. the color contrast between corolla and 
androecium, 

3. the predominance of yellow color in pollen, 

4. yellow colors in flower centers, 

5. the greater reflection of shorter wavelengths more 
peripherally, and 

6. gradients of color purity increasing toward the 
center. 


9. Why Do Flower Colors Diverge? 
Selection and Floral Color 

It is evident from much of the preceding discussion 
that flower color really matters and may be under 
strong selective pressure. In the multidimensional 
study of Penstemon species by P. Wilson et al. (2004, 
2006), color was the single best predictor of hum¬ 
mingbird visitation, so that as we saw above, blue spe¬ 
cies attracted bees, pink species attracted birds, and 
red/orange species attracted birds and deterred bees. 
In Mimulus hybrids (Sutherland and Vickery 1993), 


bees responded primarily to color and less to shape, 
whereas birds were little affected by color differences 
but responded to petal shape and flexion. Later work 
on this genus involved genetic manipulations to pro¬ 
duce the color of one species in flowers that were in 
other respects another species (H. Bradshaw and 
Schemske 2003), and here both birds and bees used 
color as their main cue when other characters were 
kept roughly equal. 

Selection for flower color is not necessarily operat¬ 
ing to produce particular pollination syndromes but is 
likely to be acting more directly on visitor constancy 
(Gegear and Laverty 2001), so that floral constancy is 
often highly correlated with color difference above a 
threshold (fig. 5.18). Selection can operate quite rap¬ 
idly, partly because the divergence of color is quite 
easy to achieve at a genetic level: in Ipomoea, single 
insertions of the highly mobile transposons in the ge¬ 
nome are known to effect most changes (Fry and 
Rauscher 1997; Clegg and Durbin 2003; Galliot, 
Stuurman, et al. 2006). 

However, selection for optimum flower color in any 
given population may be prevented by gene flow from 
nearby populations, by genetic drift, or by positive 
frequency-dependent selection by pollinators; and it 
may also be limited by phylogenetic constraints. It has 
already been noted how easy it can be to get drawn 
into adaptationist reasoning about flower colors, and 
much of the literature about pollination syndromes 
rather blithely assumes strong selection for particular 
flower colors to suit particular flower visitors, a point 
that will become clearer in later chapters. But it is use¬ 
ful at this point to reiterate some further notes of 
caution: 

1. There can be substantial effects of pleiotropy in 
operation. A high concentration of anthocyanins in 
flowers tends to be correlated with a high concen¬ 
tration of anthocyanins in the leaves and stems of 
the same plant; in other words, prior selection on 
vegetative traits may have favored the expression 
of floral pigments initially, so that flower color is 
an exaptation (Armbruster et al. 1997; Armbrust- 
er 2002; and S. Strauss and Whittall 2006). 

2. Plant pigments have many other functions besides 
coloration and so may mislead the unwary. Caro¬ 
tenoids are accessory pigments to chlorophyll in 
photosynthetic processes, and many pigments are 
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Figure 5.18 Flower constancy depends on the detec¬ 
tion of difference; thus it increases as color differences 
between pairs of flower types increases, although the 
rate of improvement of constancy varies between the 
honeybee and five species of bumblebee. (Redrawn 
from Giurfa and Lehrer 2001.) 
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also involved in antiherbivore effects, in protecting 
against UV radiation, or in protecting against frost 
and heat damage. Anthocyanins confer better tol¬ 
erance of heat and drought stress, so that, for ex¬ 
ample, blue morphs of Linaria do better in 
drought years but a polymorphism is maintained 
because white flowers do better in years of good 
spring rain (Schemske and Bierzychudek 2001). 

3. There are substantial direct environmental effects 
on flower color, which can affect visitation pat¬ 
terns and influence selection within a species (see 
the section Environmental Effects on Floral Color 
above). 

4. Pigment levels are sometimes correlated with other 
plant traits; for example, opium poppy plants with 
higher morphine alkaloid levels also have differ¬ 
ently colored petals (Gyulane et al. 1980). 

5. There is good evidence that pigments can be ex¬ 
pensive to produce, so that investing in strong col¬ 
oration can affect plant vigor in complex fashions. 
Thus there are always trade-offs for a given plant 
between producing optimal flower color and main¬ 
taining other key functions. 


6. Attempts to correlate floral color, floral pigmenta¬ 
tion, and pollinator classes have undoubtedly suf¬ 
fered on occasion from uncorrected phylogenetic 
influences. 

Despite all those cautions, there are some clear exam¬ 
ples of selection for gradual color change in relation to 
pollination, often involving major shifts in the type of 
pigment used (e.g., from red cyanidin-based colors to 
blue and purple delphinidin-based colors). Harborne 
and Smith (1978) largely avoided taxonomic confu¬ 
sions by choosing a single family (Polemoniaceae) as 
a case study, this being a family containing a large 
range of color types and pollinator types. They found 
a clear relationship between the type of anthocyanin 
pigment present, the perceived color, and the visitors 
recorded: red-flowered species contained pelargonidin 
and mostly attracted hummingbirds, blue and purple 
flowers contained delphinidin and were bee-visited, 
and pink flowers contained cyanidin-delphinidin mix¬ 
tures and were preferred by lepidopterans. We will 
meet and revisit further examples of this type in chap¬ 
ters 11-18. 
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Floral Signals 


The previous chapter concentrated on visual signaling 
by flowers, but it is usually not appropriate to look 
only at flower color and shape as attractants, given the 
abilities of most flower visitors, and insects in particu¬ 
lar, to detect and respond to scents or odors as well; the 
latter are often the major component of floral attrac¬ 
tion to visiting animals. 

Floral scents mostly result from the production of 
small amounts of simple volatile organic compounds. 
The molecular size of these components largely deter¬ 
mines their volatility, and hence the distance they will 
travel from the plant over a given time span. In prac¬ 
tice, the range of small carbon-based volatiles that are 
reasonably cheap to produce is limited, so to avoid ex¬ 
cessive overlap most plants almost inevitably use 
mixtures of compounds to form their scents, with spe¬ 
cific ratios of components characteristic of each spe¬ 
cies. They can thus achieve a novel and often unique 
floral bouquet, so that scent can become an isolating 


mechanism between plant species, each odor poten¬ 
tially attracting different visitors. Virtually all flowers 
therefore produce complex bouquets with many com¬ 
ponents (as few as 1-8, but often in excess of 100, and 
with a norm of around 20-60). However, not all of 
these may be important as signals to visitors. Quite 
commonly, the most abundant compounds are not par¬ 
ticularly strong elicitors of responses in visitors, 
whereas a few key components (often the rarer ones) 
are crucial signals. In sunflowers, for example, there 
may be as many as 130-150 constituents, of which 
only around 30 are necessary for a honeybee to per¬ 
ceive the mix as being “sunflower odor” (Laloi et al. 
2000 ). 

Plant volatiles emitted as scents are typically lipo¬ 
philic compounds, all of them of low molecular weight 
(< 300 atomic mass units, or daltons), able to cross 
biological membranes, and evaporate into the atmo¬ 
sphere readily. Around 1,700 are known, and more 
await identification. They are secondary plant products 
resulting from standard plant biosynthetic processes 
(Pichersky et al. 2006), and some may even be waste 
products that are excreted following various metabolic 
processes. Their occurrence shows rather little phylo¬ 
genetic pattern, although some compounds are re¬ 
stricted to particular lineages (Raguso 2004a). 

1. Types of Scents 

Individual flower odor compounds can be classified by 
scent type, as defined by the human nose, or by chem¬ 
istry, as shown in table 6.1. Representative chemical 
structures are shown in figure 6.1 A, and the basic bio¬ 
synthetic pathways that produce the main groups of 
compounds are shown in figure 6. IB. 
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A 1. pentadecane 




15. indole |_j 16. dimethyl disulfide 17. benzothiazole 



B 



Figure 6.1 The principle chemical types producing floral scents: (A) chemical structures of representative 
examples—1-4 are aliphatic (hydrocarbon, alcohol, ester, and ketone, respectively, related to fatty acids); 5-8 are 
benzenoids; 9-14 are terpenoids, 9-12 being monoterpenes and 13-14 sesquiterpenes; 15-1 7 are unusual nitrogen 
or sulphur containing scents; (B) main synthetic pathways to the key groups of volatiles. 
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Table 6.1 
Flower Scents 


Chemical classification 

Examples 

Terpenoids 

Monoterpenes (10 carbon) 

Geraniol, citronellol, linalool, er-pinene, limonene, camphor, menthol, cineole 

Sesquiterpenes (-15 carbon) 

er-farnesene, caryophyllene, ionone 

Benzenoids 

Vanillin, eugenol, methyl salicylate, methyl cinnamate 

Aliphatic compounds 

Hydrocarbons 

Pentadecane 

Esters 

Ethyl acetate 

Ketones 

jasmone 

Alcohols 

Hexanol 

Scent-type classification 

Flowery 

Terpenes; benzenoids; some alcohols, ketones, esters 

Dung or carrion 

Amines, ammonia, indoles, skatole 

Pheromonal 

Alcohols, acids, esters; some terpenoids; (mimicking insect pheromones) 


Numerical occurrences of known compound types 
are shown in table 6.2, derived from analyses of nearly 
a thousand taxa. Flower scents are most commonly 
terpenoids; these are assembled from five-carbon base 
units termed isoprenoids and can be divided into 
monoterpenes (C 10 ) and sesquiterpenes with various 
other multiples of the five-carbon base units as their 
backbone (usually C 15 ). In this group, the several iso¬ 
meric and chiral variants of linalool, ocimene, myrcene, 
and pinene are the most frequently occurring. Only 
slightly less common are the simple aliphatic com¬ 
pounds, such as hydrocarbons, esters, ketones, and 
alcohols (especially C 4 -C 18 ). Less abundant are the 
benzenoids, based on the aromatic six-carbon benzene 
ring. 

The terminology of all these groups is somewhat 
muddled, because many of the terpenes and ketones 
are informally named using the common term 
(or sometimes the Latin name) for the plant from 
which they were identified; hence pinenes, geraniol, 
and limonene are terpenes from pine trees, geraniums 
(Pelargonium), and lemon plants, respectively, while 
jasmone is a ketone found in jasmine plants. However 
all these compounds are also found much more widely, 
across a range of taxa, and indeed may be more domi¬ 
nant in plants that are very distant evolutionarily from 


their namesake; for example, geraniol and citronellol 
are both more common in Rosa than in geraniums or 
citrus flowers. Other common flower volatiles retain 
their more correct chemical names in the literature, 
having first been isolated in other sources; methyl 
salicylate, for example, is closely related to aspirin, 
famously derived from willow plants, and gives the 
well-known scent of wintergreen. 

Most of these examples can broadly be described as 
having a flowery smell, but generally speaking, human 
observers are poor at discriminating or describing 
flower scents beyond a relatively crude level, often 
merely making comparisons to a few well-known ba¬ 
sics (lavender, rose, citrus, etc.). Detection and dis¬ 
crimination by the human nose can be improved by 
sealing particular flowers (or parts of flowers) in a con¬ 
tainer for a few hours, so that the volatiles released 
become concentrated in the headspace of contained 
air, and this procedure can be of some use in field stud¬ 
ies where the more advanced technologies for scent 
analysis (discussed in section 2, Collection and Mea¬ 
surement of Flower Scents, below) are not available. 
There are, of course, rare individual humans who have 
much more highly developed discrimination and well- 
trained noses, and they are highly prized in the per¬ 
fume industry! 






Table 6.2 

Numerical Distribution of Known Floral Scent Compounds 
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Type of compound 

Structure 

Number 

Totals 

Aliphatics (straight chain)* 

C -C 
'“- 1 '-2 

64 



c 3 -c 4 

74 



c 5 -c 6 

123 



r -C 

v ~7 '“'8 

72 



C -C 

v-9 v- 1Q 

68 



C -C 
v -11 '-is 

76 



C -C 
v -16 v —20 

44 



C -C 

'—21 '—25 

7 

528 

Benzenoids and phenylpropanoids 

r -C 
*-6 '-o 

23 



Q-c, 

133 



Q-c 2 

78 



c 6 -c 3 

83 



C ->C t 

*-6 ^-3 

12 

329 

C 5 branched-chain compounds 

Saturated 

40 



Unsaturated 

53 

93 

Terpenoids 

Mono, acyclic 

147 



Mono, cyclic 

148 



Sesqui, acyclic 

48 



Sesqui, cyclic 

116 



Irregular 

97 

556 

Nitrogen compounds 

Acyclic 

42 



Cyclic 

19 

61 

Sulfur compounds 

Acyclic 

37 



Cyclic 

4 

41 

Miscellaneous 

Cyclic 

111 

111 


Source: Modified from Knudsen and Cershenzon 2006. 

*C,-C 2 through C 21 -C 25 represent ranges; C 6 -C 0 through C 6 ->C 3 represent bonds. 
tC 6 linked to chains longer than C 3 . 


Less commonly, and usually in relation to attrac¬ 
tion of carrion flies and beetles, some flowers do not 
have pleasant flowery bouquets but instead emit odors 
that are moderately or extremely unpleasant to the hu¬ 
man nose. In the first group are the yeasty and fer¬ 
menting smells, often found in the phylogenetically 
basal angiosperm groups such as Annonaceae, and 
comprising the classic fermentation products, such as 
ethanol, ethyl acetate, and butanol derivatives (e.g., 
Goodrich et al. 2006). In the second (really unpleas¬ 
ant) group, an odor of dung, rotting meat, or carrion is 
common, mimicking the kinds of small C 2 -C 5 mole¬ 


cules that result from the decay of proteins in dead 
flesh (ammonia, amines, or indoles). Many of the Ar- 
aceae have these odors, often picturesquely described 
in the literature (e.g., “dead horse,” “wet dog,” or “wet 
decaying hide”). So too do several flowers famous for 
producing cloying, long-distance stenches: Stapelia, 
Rajflesia, and giant Amorphophallus plants of Indo- 
Malaysia and Madagascar, whose putrid emissions 
can cause humans to faint (plate 22). Analysis of vari¬ 
ous stapeliads ( Jurgens et al. 2006) revealed four types 
of volatile profile, shown in table 6.3, roughly parallel¬ 
ing the categories also found in Araceae. Many of 
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Table 6.3 

Fetid Floral Odors in Stapeliads 


Mimic of 

Main volatile contents 

Vertebrate herbivore 

High p-c resol, low in 

feces 

polysulfides 

Carnivore feces, or 

High polysulfides, low 

carcass 

p-c resol 

Carnivore feces, or 

Fleptanal, octanal 

carcass 


Urine 

Flexanoic acid 


Source: Based mainly on Jurgens et al. 2006. 


these flowers are also thermogenic (chapter 10), their 
heat helping to volatilize the scents and probably also 
increasing the perceived resemblance to recently dead 
flesh. However, some of these carrion flowers also 
have a rather sweet terpenoid odor beneath their stench 
(e.g., Kite and Hetterschieid 1997), which may play a 
role in close-range attraction. In at least a few cases, 
including the voodoo lily ( Sauromatum , Araceae), this 
sweeter odor emanates from within the internal trap 
chamber of the flower (chapter 23), with the putrid 
odors given off by the protruding spathe as a longer- 
range attractant (Hadacek and Weber 2002). 

There is also a third group of floral scents, which 
mimic the visiting animals 7 own species-specific 
attractants (known as pheromones), and in insect- 
pollinated flowers many such compounds occur. Or¬ 
chids are especially adept at this pheromonal mimicry, 
and closely related species of Ophrys produce differ¬ 
ent bouquets, each attuned to their own preferred visi¬ 
tor for whom they may have an aphrodisiac effect: 
these comprise mainly hydrocarbons in O. insectifera, 
which is fly pollinated, and mainly terpenoids and al¬ 
cohols in bee-pollinated O. fusca and O. lutea (Berg¬ 
strom 1978; Borg-Karlson 1990). Taken to a further 
extreme, one orchid ( Dendrobium sinense) appears to 
mimic a component of the alarm pheromone of Apis 
bees—not as a way of attracting these bees but rather 
to attract pollinating hornets that normally prey on 
honeybees (Brodmann, Twele, et al., “Orchid mimics 
honey bee,” 2009). In brood-site mutualisms (chapter 
26), where flowers harbor their own pollinators as lar¬ 
vae in situ, volatiles that may be pheromone-like again 


help to attract the required animals, often with high 
specificity (especially in the fig-wasp mutualisms). In 
fact, this area of pheromone-mimicking scents be¬ 
comes very complex, since some of the insects in¬ 
volved are known to have derived their own phero¬ 
mones from the host plants on which they feed in the 
first place; for example, many beetles that are damag¬ 
ing pests in pine forests (such as Dendroctonus and 
Ips) use pinene or derivatives of pinene as their own 
sex pheromone. Hence it is often tricky to disentangle 
the evolutionary history of such chemical signals and 
to be sure just who is mimicking whom. 

There is an additional and nonfloral source of scents 
that may be important in pollinator attraction which 
occurs in the form of odors derived from leaves (Cais- 
sard et al. 2004). It is not uncommon for leaves to con¬ 
tain some of the same scents as their flowers, but in the 
Mediterranean dwarf palm ( Chamaerops humilis ), the 
volatiles emitted by the leaves are distinctive and have 
become the main attractant for the pollinating weevil 
Derelomis (Dufay and Anstett 2004). A close relation¬ 
ship exists between the production of leaf odor and 
floral phenology, with maximum foliage odor coin¬ 
ciding with anthesis and thus beneficial to the plant in 
terms of pollinator attraction. 


2. The Collection and Measurement 
of Flower Scents 

The analysis of floral scent is considerably less prob¬ 
lematic and potentially less subjective than the analy¬ 
sis of flower color. Recent advances in collection and 
measurement techniques allow good qualitative and 
quantitative evaluation of tiny samples of organic sub¬ 
stances. Raguso and Pellmyr (1998) and Tholl and 
Rose (2006) give reviews of the standard techniques 
and apparatus used, and the volatiles detected from 
current techniques are reviewed in detail by Knudsen 
et al. (1993), Dobson and Bergstrom (2000), and 
Knudsen and Gershenzon (2006). Kearns and Inouye 
(1993) provide a useful overview of alternative tech¬ 
niques for those seeking practical advice on odor anal¬ 
ysis. However, all these authors have highlighted the 
problem that differing results accrue with different 
methods of collection and analysis (see also Agelo- 
poulos and Pickett 1998). 
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Figure 6.2 A schematic overview of collection techniques 
for floral volatiles using headspace sampling from an 
enclosed flower. (Modified from Tholl et al. 2006.) 



Collection 

An overview of the standard collection and measure¬ 
ment system is shown in figure 6.2. Headspace collec¬ 
tion is the first step: it allows the gathering of scents 
emitted from living plants and individual flowers in a 
highly sensitive and noninvasive manner. Essentially 
the flower is enclosed in a lightweight bag, into which 
the volatiles diffuse, and the air from this bag is then 
pumped out (with a simple battery-operated pump for 
field use) such that it passes through a small tube 
(a few ml in volume) containing an appropriate adsor¬ 
bent material. If the bag is left in place for some time, 
the volatiles from even delicately scented flowers can 
be enriched, although there are possible risks of raised 
humidity and compromised gas exchange affecting the 
plant’s normal physiological processes. Alternatively, 
the time course of emissions can be followed by taking 
separate adsorbent aliquots at shorter intervals. For 
even more detailed analyses, dynamic headspace sam¬ 
pling can be used with a continuous airflow through 
the bag (the inlet being protected by a charcoal filter to 
remove external scents), or more elaborate “push-pull” 


techniques can be applied in laboratory settings (Tholl 
and Rose 2006). Scents with very low molecular 
weight and high volatility may have to be sampled and 
analyzed with refrigeration, and some very large scent 
molecules (C 91 -C 29 ) may have to be extracted directly 
with solvents rather than being collected from the 
headspace. 

The adsorbents used during headspace collection 
are usually commercial standards such as Tenax or Po- 
rapak, with small, fixed amounts in the collecting 
tubes. After a known period of collection, the adsor¬ 
bent cartridges are sealed and preserved under refrig¬ 
eration until they can be returned to a laboratory for 
analysis. Some polar compounds are collected with 
only low efficiency in these adsorbents, so that more 
than one collection with different adsorbents is often 
advisable. 


Measurement 

The adsorbents are eluted into glass vials with organic 
solvents (pentane, hexane, dichloromethane, etc.), and 
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one or more standards are added as quantitative com¬ 
parators. Chemical analysis with GC-MS is then the 
standard procedure. With capillary gas chromatogra¬ 
phy (GC) samples are injected into the GC column, 
and each component elutes at a rate determined both 
by its volatility (boiling point) and by its affinity to the 
column packing material used. This is combined with 
mass spectrometry (MS) to analyze the extracted com¬ 
pounds as they emerge sequentially from the chroma¬ 
tography column, making it possible to separate and 
identify hundreds of floral odor components by com¬ 
parison with extensive standard mass spectral librar¬ 
ies. Different solvents can be used, again with varying 
effectiveness for different compounds; hexane, for ex¬ 
ample, is usually the choice, but it is a poor eluent for 
polar compounds. Dobson et al. (2005) give very de¬ 
tailed practical guidance. 

In recent years a fast and transportable miniature 
GC system has become available, known as the zNose, 
which allows sampling intervals as short as three min¬ 
utes. This instrument gives results directly in the field 
that are comparable with laboratory analyses and often 
with even better temporal resolution. 

For laboratory analysis of very small volatile 
amounts, or for finely divided temporal emission se¬ 
quences, the techniques of solid-phase microextrac¬ 
tion (SPME) have also come into use, although these 
do not allow re-elution, and thus re-analysis, of the 
original sample. 

Ideally, the detected compounds can then be bought 
or synthesized and tested separately—either neuro- 
logically or behaviorally—on known flower visitors to 
decide which are the effective attractants (although 
mixtures, rather than single components, may be cru¬ 
cial for some visitors). Detection complemented by 
neural confirmations of the effect is especially suitable 
for testing insect reactions to flower scents, and is ac¬ 
complished with electroantennogram (EAG) tech¬ 
niques to measure the insects’ responses; when the 
insect is exposed to particular scents, the EAG directly 
records responses occurring in the neurons that exit 
from the antennal chemoreceptors. At a further level 
of refinement, the responses of single olfactory neu¬ 
rons can be obtained with specific electrodes. 

At best, GC can be combined directly with EAG or 
other neural recordings by testing each compound on 
an insect or other recipient as it elutes from the GC 
column; an example is shown in figure 6.3 for the 
hawkmoth Manduca sexta when tested with different 


flowers (Fraser et al. 2003). Behavioral checks on the 
effectiveness of volatiles with bees or butterflies that 
show innate PERs to particular odors (and/or colors) 
are also useful, and checks on flight responses in wind 
tunnels charged with particular scents can also be 
used. 


Amounts Detected 

The amounts of volatiles collected from flowers are 
hugely variable, usually between picogram and mi¬ 
crogram quantities. In general, beetle- and moth- 
pollinated flowers have the largest amounts of fra¬ 
grance, while hummingbird flowers often have no 
detectable scents. 

3. Variation in Floral Scents 

Generic, Specific, and Individual Variation 

Although the techniques available give readily quanti¬ 
fied and reasonably unambiguous results, characteriz¬ 
ing the scent of a flower is nevertheless somewhat dif¬ 
ficult. Scents are highly variable within a genus, 
suggesting that there are specific adaptations, as for 
example in Narcissus (Dobson, Arroyo, et al. 1996), 
Primula (Gaskett et al. 2005), or Silene (Walti et al. 
2008). Even within a species, there can be dimorphic 
flower scents; for example, Polemonium viscosum has 
two scent-types that are readily distinguished by bum¬ 
blebees (Galen and Kevan 1980; Galen and Newport 
1988). Intriguingly, another plant formerly described 
as occurring with two scent morphs, the orchid Chilo- 
glottis valida, has now been shown to be two species 
with two different pairs of thynnine wasp pollinators, 
the two occurring with different altitude ranges (Bow¬ 
er 2006); a neat case of scent as the key variable in 
speciation. 

There is also marked individual variation in scent, 
which can again be quantitative or qualitative, involv¬ 
ing varied ratios of components in different individu¬ 
als that can in turn affect visitation. The individual 
differences can be spatially organized through a com¬ 
munity; for example, Knudsen (2002) reported a geo¬ 
graphical cline of scent similarity within a population 
of a palm ( Geonoma ) in Amazonia. An extreme case 
of individual variation was documented by Patt et al. 
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differences were less common where females were 
rewardless. 

Spatial Variation in a Flower 

Scent production in many flowers is tissue specific, and 
the main floral odor may be released from several sourc¬ 
es within the flower; but emission is particularly com¬ 
monly from petals or from the androecium (stamens, 
anthers, and pollen). Sepal scents occur more rarely, 
and these are often dominated by sesquiterpenes. 

While scent from petals is usually emitted from the 
entire corolla (e.g., in roses), it can sometimes be more 
localized, for example, just from the corona in Narcis¬ 
sus. Less commonly it can be even more local, for ex¬ 
ample, arising from specific scent marks, which are 
often aligned with the visual nectar-guide markings 
(as in buttercups. Ranunculus, Bergstrom et al. 1995). 
Alternatively there can be different scents for the petal 
as a whole and for the nectar guides (e.g., Papaver, 
Tropaeolum, Viola, some Narcissus). Occasionally, 
scented areas may act as nectar guides without any 
corresponding visual markings (e.g., Silene latifolia, 
where there are scent marks at the base of each petal). 
Lex (1954) and von Aufsess (1960) sampled many 
flowers with the human nose as detector, and their data 
suggested that scent marks were present in at least 
88% of all flowers. 

Some plants have localized scent glands, or osmo- 
phores (Vogel 1990). These are especially notable as 
discrete entities in dung- and carrion-scented flowers 
and in some orchids, where the odor emanates from 


differentiated glandular regions and where the scents 
may take a liquid/crystalline form rather than being 
diffused as gases. However, the distinction between 
osmophores and scent-emitting epidermal zones, 
which may also have specialized cellular structures, is 
no longer clear-cut, and the term “osmophore” is now 
often used for any scent-producing cells (Effmert et al. 
2006). The mechanisms of release of volatiles from 
epidermal cells (always across the plasma membrane 
and cuticle rather than through pores or stomata) are 
reviewed by letter (2006). 

Where scent production is localized, this is now 
easier to detect because of our increasing understand¬ 
ing of the genetic control of floral scent, with key syn¬ 
thase and transferase enzyme-controlling genes now 
well characterized (Dudareva and Pichersky 2006). 
Most commonly the biosynthetic enzymes that control 
scent volatiles (for example LIS, a linalool synthase, 
or BAMT, which produces methyl benzoate) are most 
highly concentrated in the osmophore regions of pet¬ 
als. This concentration potentially allows for the local¬ 
ized and more precise detection of relevant gene ex¬ 
pression; figure 6.4 shows an example. 

Adding to this complexity, anthers and pollen are 
often differently scented from the rest of the flower 
(Bergstrom et al. 1995; Dobsonk Groth, et al. 1996; 
Jurgens and Dotted 2004), and for pollen, the source is 
usually the oily, sticky outer layer of pollenkitt (chap¬ 
ter 7). Nectar can also carry its own scent (chapter 8). 
Again, these local intrafloral areas of different scent or 
of stronger scent could be providing a scent guide to 
visitors; the nectar guides, or the pollen, may smell the 
strongest or may be qualitatively different, thus cueing 
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Figure 6.5 (A) Percentages of four classes of volatiles pro¬ 
duced in different parts of Rosa flowers (redrawn from data in 
Dobson et al. 1990). (B) The key volatiles concerned. 
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a visitor’s orientation to the rewards within a flower. A 
good illustrative example is the rose flower, with many 
hybrids derived from Rosa canina and Rosa rugosa. In 
both these species, the petals dominate the overall 
bouquet with terpenoids and benzenoids, including 
strong doses of geraniol and citronellol; the sepals add 
sesquiterpenes; and the anthers and pollen contribute a 
suite of additional odors to the whole, few of which 


occur in the perianth tissues (Dobson et al. 1990). This 
variation is illustrated in figure 6.5. 

Temporal Variation 

Problems in defining flower scent arise not only from 
individual variation and spatial variation, as outlined 
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above, but also because flower odor may change 
through the life of a flower (Patt et al. 1991), simply 
with ageing or, more specifically, in relation to the 
changing conditions of the flower (visitation and/or 
pollination; see section 6, Change of Scent and Con¬ 
trol of the Pollinators, below). Scent may also change 
rhythmically in quantity or quality on a diurnal basis 
with an underlying and often complex circadian con¬ 
trol (Dudareva and Pichersky 2006; Hendel-Rahmanim 
et al. 2009); many flowers are more strongly scented in 
the early morning (e.g Antirrhinum, some Rhododen¬ 
dron, many orchids), and conversely, some are noted 
for strong scent at dusk (e.g., Nicotiana, Daphne, 
Lonicera, Stephanotis). A few emit scents that are 
quite different in kind by day and by night (Matile and 
Altenburger 1988). This kind of variation can also oc¬ 
cur within a genus of course; for example, some Petu¬ 
nia species are scented at midday, and others, such as 
P. axillaris, only produce their scent at dusk as their 
hawkmoth visitors become active (Hoballah et al. 
2005). 

Some flowers may vary their scent in relation to the 
competing needs of attracting pollinators while not at¬ 
tracting florivores, so that the thistle Cirsium arvense 
has a strong floral fragrance when pollinators are ac¬ 
tive but low emissions at times of florivore activity 
(Theis et al. 2007). 

Any of these temporal patterns may also be modi¬ 
fied by the plant’s environment and by changing 
weather. For example, Hansted et al. (1994) showed 
strong effects of temperature on odor emissions from 
flowers of Ribes nigrum (blackcurrants). 

Variation with Pollinator Type 

For all the reasons covered in the last three sections, 
convincing studies of floral odor for a given species 
must include a large number of plants and good tem¬ 
poral resolution of the odor-emission patterns; and if 
seeking comparative patterns, one must also avoid 
generalizing at higher taxonomic levels until a wide 
range of species have been sampled. Some older stud¬ 
ies are therefore of limited use in trying to discern eco¬ 
logical or evolutionary patterns in flower scents. 

Despite these qualifications, there are clear possi¬ 
bilities of convergence in floral scents for particular 
kinds of visitor, with certain kinds of scents being at¬ 
tractive to a particular suite of flower-visiting animals. 


This phenomenon is well documented and has been 
rigorously reviewed by Dobson (2006). Some exam¬ 
ples are as follows (see table 6.4 for details): 

1. Generalist flowers: For open-bowl flowers 
(especially in the Apiaceae, Rosaceae, and Ranuncu- 
laceae), no particular patterns emerge, except that all 
three main types of scent are usually present, and usu¬ 
ally the common types of each (which may in itself 
link with generalist attraction: Tollsten et al. 1994). 
The most frequently encountered components are 
(3-ocimene and pinene. 

2. Flowers visited by dynastine scarab bee¬ 
tles: These flowers are mainly in the Annonaceae, 
having chamber morphology and often thermogenesis 
(Gottsberger 1999), and the emitted volatiles com¬ 
monly include methoxylated benzenoids. 

3. Fly flowers: There is no overall convergence 
of scent types in fly flowers, perhaps as expected. The 
odors are extremely varied: floral, musty, or carrion¬ 
like, depending on the particular syndrome involved 
(chapter 13). The most general fly flowers, such as 
many Apiaceae and larger flowers like the hawthorn, 
have an essentially sweet smell but with undertones 
of sourness akin to sweat or urine, which arise from 
various aliphatic acids and some nitrogenous com¬ 
pounds. The same is true of midge-pollinated flowers, 
such as Theobroma cacao. Flowers visited by hover- 
flies smell sweeter, similar to those visited by bees, 
and have a higher terpenoid content. Carrion-fly 
flowers have the typical fleshy smells referred to ear¬ 
lier. Fruit flies in the Dacinae subfamily that collect 
floral scents for use as a male pheromone (chapter 9) 
are almost exclusively attracted to flowers releasing 
either methyl eugenol or raspberry ketone (Metcalf 
1990). 

4. Butterfly flowers: Andersson et al. (2002) 
and Andersson (2006) proposed convergence for but¬ 
terfly flowers, where the scents are delicate and the 
common components are benzenoids, such as pheny- 
lacetaldehyde and 2-phenyl ethanol, and terpenoids, 
such as linalool and its oxides and the rarer oxoiso- 
phorone (a particularly attractive component in Bud- 
dleja and Centranthus flowers). There may be higher 
levels of the benzenoids in European plants and of 
linalool and its derivatives in New World plants. 
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Table 6.4 

Typical Scent Components Associated with Particular Pollinator Croups 


Pollinator group 

Commonest floral volatiles 

Generalist 

Variable: aliphatics, terpenoids, benzenoids all present 

Beetle 

Temperate generalists 

Tropical scarabs 

Other tropical beetles 

Weevils 

Carrion beetles 

Variable; often some N compounds 

Methoxylated benzenoids 

Esters and terpenoids 

Aliphatics 

Heptanal, octanal, hexanoic acid, />cresol, polysulfides 

Flies 

Temperate generalists 

Carrion flies 

Aliphatics and N compounds 

Heptanal, octanal, hexanoic acid, p- cresol, polysulfides 

Thrips 

Variable, too few data; P-myrcene in cycads 

Bees 

Nectar/pollen foragers 
Fragrance-seeking 
euglossines 

Variable, complex, terpenoids often abundant 

Simple, benzenoids and monoterpenes 

Fig wasps 

Simple, terpenoids dominant 

Lepidopterans 

Small moths 

Yucca moths 

Butterflies 

Nocturnal perching moths 
Sphingid moths 

Aliphatic esters 

Aliphatic hydrocarbons, alcohols, sesquiterpenes 
Benzenoids, terpenoids 

Benzenoids, terpenoids 

Methyl benzoate, linalool 

Birds 

Weak or no scent 

Bats 

Microchiroptera 

Megachiroptera 

S compounds prevalent 

Weaker scents, fewer S compounds 


5. Moth flowers: Convergence in flowers visited 
by nonhovering moths was specifically noted by Knud- 
sen and Tollsten (1993). Flowers attractive to these 
settling moths are said to have a “quite floral” scent, 
with acyclic terpenoids, such as linalool and farnesol; 
simple aliphatics, including phenylacetaldehyde; and 
sometimes the rosy components, such as citronellol 
and geraniol (Dobson 2006). Small amounts of indoles 
and oximes are also common. 

6. Hawkmoth flowers: Miyake et al. (1998) re¬ 
ported strong fruity or flowery scents in the evening. 


with oxygenated terpenoids and nitrogenous oximes 
prominent, in flowers visited by these hovering sphin- 
gid moths. This pattern was confirmed by Dobson 
(2006), who found more benzenoid esters and less of 
the aldehydes than in settling-moth flowers, and often 
rather more of the nitrogenous components. Linalool 
is often a dominant element in the well-known highly 
scented moth flowers such as Lonicera, Stephanotis, 
Crinum, and some Oenothera. 

7. Bee flowers: Dobson (1987) reported that bee 
flowers usually have the typical floral scents (also 
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variously divided up as rosy, spicy, aromatic, and ion- 
onic [Dobson 2006]), which are released at various 
times of day (chapter 18). The scents tend to be domi¬ 
nated by terpenoids (especially ocimene, myrcene, 
pinene, linalool, limonene, caryophyllene, and far- 
nesene), with low amounts of benzenoids and aliphat- 
ics (although some rosaceous plants have moderate 
levels of benzenoids). It is not yet clear if there are pat¬ 
terns of variation correlated with the main visiting 
genera. Particularly strong convergence is, however, 
evident in euglossine bee flowers, which often possess 
carvone oxide as a scent component (Whitten et al. 
1986; Williams and Whitten 1999; Schiestl and Rou- 
bik 2003; chapter 9), and perhaps also evident in those 
flowers that provide oils for bees, where benzenoid 
ethers predominate. 

8. Bat flowers: Many authors concur in seeing 
convergence (e.g., Knudsen and Tollsten 1995; Best- 
man et al. 1997; von Helversen et al. 2000; Winter and 
von Helversen 2001) in bat flowers. These have strong 
scents, often fruity or musky, that are especially in¬ 
tense at dusk (when visual cues are less useful). The 
bouquets tend to be dominated by monoterpenes and 
often also include unusual sulphur-containing com¬ 
pounds (e.g., dimethyl sulfide), especially in the Neo¬ 
tropics (S. Pettersson et al. 2004), where glossophag- 
ine bats have particularly poor visual searching 
abilities (chapter 16). 

9. Hummingbird and perching-bird flowers: In 
these flowers, the convergence is very clearly to a lack 
of any complex scents (Knudsen et al. 2004; Dobson 
2006), matching the poor sense of smell in birds. 
Where scents have been detected they are often of the 
vegetative scents also associated with foliage. 

As a corollary of convergent scent patterns in relation 
to pollinators, it follows that families or genera whose 
species have different pollinators show very varied 
scent profiles. A good example was given by Knudsen 
et al. (2001) with the Neotropical palms, in which bee¬ 
tle-, fly-, and bee-pollinated species showed quite dif¬ 
ferent odor compositions, with the beetle-visited ex¬ 
amples showing particularly highly specific attractants 
for their pollinators. Even more spectacularly, Jurgens 
(2009), using new data from Goodrich and Raguso 
(2009), could separate 9 genera and 21 species of the 
phylogenetically basal family Annonaceae into non¬ 


overlapping fragrance clusters (fig. 6.6) that corre¬ 
sponded to species groups visited by (a) small nonspe¬ 
cialist beetles; (b) saprophilous flies and beetles (the 
genus Asimina, which has scents of decay and also 
maroon coloration); and (c) nonsaprophilous beetles 
and moths. Two other individual species from this 
family, one of which is visited by chrysomelid beetles 
and the other by euglossine bees, had their own dis¬ 
tinctive odor patterns. In similar (but even more pre¬ 
cise) fashion, three sympatric euglossine-pollinated 
species of Araceae in South America have their own 
distinctive floral-scent profiles and attract different 
bees, while there is a fig wasp with a single chemical 
attractant that confers specificity (chapter 26). From 
these data it has been suggested that changes in floral 
fragrance were key innovations in promoting pollina¬ 
tor shifts. 


4. The Discrimination and Detection 
Ranges of Flower Odors 

In insects, the antennae and often the mouthparts bear 
the olfactory sensillae, each normally housing two to 
five olfactory neurons that connect directly to the 
brain. In bats the nasal epithelium is large and projects 
to the olfactory bulb centers of the brain, which are 
proportionately much larger than in humans. Birds, 
however, have rather small olfactory centers. In all 
cases, though, the immediate detection system is pro¬ 
vided by odorant binding proteins (OBPs) in the sen¬ 
sillae of the antenna or nose; these proteins confer the 
specificity required and trigger a second-messenger 
signaling cascade that eventually depolarizes the neu¬ 
ron and sends a message to the central processor in the 
brain (Dryer and Berghard 1999; Carlsson and Hanson 
2006). Thus, a flower-visiting insect, such as the hawk- 
moth Manduca sexta, may have neurons that respond 
individually to separate molecules (e.g., geraniol) or to 
a small group of related molecules (e.g., geraniol and 
the various forms of linalool). The latter type of neu¬ 
rons, with somewhat broader “tuning,” are probably 
more useful for responses to flower odors and can be 
used in concert with each other to give extraordinary 
discrimination. Using this kind of detection system 
with overlapping neuron tunings, humans with about 
300 different OBPs can recognize more than 400,000 
different scent molecules. But human noses are poor 
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Figure 6.6 Floral odor clusters (generated via nonmetric multidimensional scaling) among the Annonaceae, in rela¬ 
tion to known or suggested pollinators (redrawn from Jurgens 2009). In particular, the saprophilous Asimina species 
(closed triangles) are all maroon in color and have a particular scent profile distinct from moth and beetle pollinated 
Asimina (open triangles) and Deeringothamnus species; flowers visited by small beetles have a more varied but still 
distinct odor. 


guides to floral scents, and most flower-visiting ani¬ 
mals have far greater discriminatory powers for odors 
than we do. 

Bees are astonishingly good at discriminating 
scents; for example, when 1,816 odor pairs were tested 
with honeybees, they could distinguish between 1,729 
of these (Vareschi 1971). They can also distinguish 
very small-scale odor patterns much more clearly than 
humans, being able to discriminate between two dif¬ 
ferent scents, or two concentrations of one scent, when 
applied to each of the two antenna; this means they can 
also use subtle spatial scent differences within flowers 
as cues. They could even discriminate between four dif¬ 
ferent cultivars of snapdragon plants ( Antirrhinum ) that 
varied only in the ratios of constituent odors (G. Wright 
et al. 2005). However, bees and other insects are not 
greatly different from humans in terms of scent acuity 
(i.e., the concentrations needed to elicit a response). 

Different kinds of scents will operate at different 
ranges, being emitted from their source as an odor 
plume that spreads downwind and is affected in its 


shape and duration by the local wind and air move¬ 
ments as well as by the inherent volatility of the com¬ 
ponents. Attraction and orientation of the target ani¬ 
mals requires that they detect the signal provided by 
the scented plume of air, then differentiate the signal 
from background scents, and then code and interpret 
the information. Long-range effects are particularly 
common in moth and bat flowers that open toward 
dusk (Haynes et al. 1991), and floral scent plumes can 
travel over hundreds of meters in the still air that often 
occurs around sunset. As with pheromones, detection 
of scent may trigger upwind flight and then activate a 
visual search; in moths, for example, the search begins 
for white objects resembling flowers. 

At shorter ranges, scent may be a cue for the correct 
directional approach, entry to a flower, and orientation 
within a flower and may even prolong visits in butter¬ 
flies (Pellmyr 1986). However, scent usually acts in 
concert with visual cues at this range (and occasionally 
with sound cues perceived by echolocation in bats; 
chapter 16). 
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5. Learning Floral Scents 

Scent is more conducive to associative learning when 
linked to floral reward than is any other cue, at least in 
most insects (Menzel and Muller 1996; Raguso 2001, 
2006), so that scent learning significantly enhances 
flower fidelity in many pollinators and thus the chanc¬ 
es of correct (conspecific) pollen transfer (G. Wright 
and Schiestl 2009). Hence artificial addition of pheny- 
lacetaldehyde to two species of Silene flowers made 
their odors more similar and immediately increased 
the transfer of a pollen-analogue between them (Walti 
et al. 2008), showing the importance of odor learning 


to visitors’ ability to discriminate and to maintaining 
reproductive isolation for the plant. 

Honeybees can usually learn a complex floral odor 
reliably in a single visit (fig. 6.7), although they take 
longer to learn single volatile compounds. They learn 
faster when the scents are floral and can readily learn 
to associate floral scent with (in hierarchical order) the 
size, shape, color, and texture of flowers and with floral 
rewards, especially nectar (so that olfactory signals may 
be ideal as honest indicators of nectar reward). Overall, 
honeybees can learn to distinguish among at least 7,000 
different flower bouquets, and to “logically” associate 
these with other cues, such as visual expectation and 
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positional effects. Thus, for example, they may ignore 
a favored flower scent if it is offered at an inappropri¬ 
ate height above the ground. Scents may also induce 
recall of navigational information and visual memory 
in honeybees (Reinhard et al. 2004) and in Apis and 
other social bees may be learned from nest mates 
(Dornhaus and Chittka 1999). 

Because of the potentially complex interactions of 
scent, vision, and behavioral cues, it is always impor¬ 
tant to consider cues from all sensory modalities in 
concert and in particular to avoid the excessive con¬ 
centration on visual signals that tended to dominate 
the early pollination literature (Raguso 2006). 

6. Scent Change and Control of Visitors 

Changes in the Flower with Age 
or with Visitation 

Scent from a flower appears to be easy to change in an 
evolutionary sense. For example, within the genus 
Clarkia most species are unscented and attract mainly 
bees, but C. breweri is scented and hawkmoth polli¬ 
nated, and it differs by just one gene for one compound 
(with small changes in the biosynthesis of another) 
(Raguso and Pichersky 1999). Effects can be seen even 
within a species, as in Polemonium viscosum, which at 
higher altitudes (alpine tundra) is bumblebee pollinated 
and has larger corollas and a sweet scent, while the 
flowers below the tree line are mainly visited by flies 
and small bees, being smaller and with a “skunky” 
odor from their calyx, which serves to repel abundant 
ants (Galen et al. 1987). 

But what about scent change in contemporary time? 
Postpollination odor does change, in at least some or¬ 
chids, ranging from an effect within minutes in Catase- 
tum to days in Platanthera (Tollsten and Bergstrom 
1989; Tollsten 1993). Flowers of Nicotiana attenuata 
also change odor within a few hours after pollination 
(Euler and Baldwin 1996). Cirsium thistles reduce 
scent emissions by about 90% within 48 hours of be¬ 
ing pollinated, and bees are then three times less likely 
to visit the flower (Theis and Raguso 2005). Lantana 
flowers also change odor as they change color with 
age, losing their most attractive components (Raguso 
2004a). In both Antirrhinum and Petunia there is a re¬ 
duction in methylbenzoate emission after pollination, 
and the key trigger is the growth of pollen tubes to the 


ovary (Negre et al. 2003), the BAMT gene being di¬ 
rectly suppressed by ethylene that is released as the 
tubes grow. 

Postpollination odors may sometimes be main¬ 
tained as part of an overall distance attraction to the 
plants (e.g., Eisikowitch and Rotem 1987, with Quis- 
qualis flowers), but in other cases, they may be re¬ 
duced or altered to provide a signal that a particular 
flower is no longer worth visiting (Lex 1954; Tollsten 
1993), as we saw for color change in chapter 5. 

A further possibility is a change of scent contingent 
upon plant damage by herbivores, as demonstrated in 
Cucurbita pepo (Theis et al. 2009), where male flow¬ 
ers had higher fragrance levels after leaf damage while 
female flowers (inherently more strongly scented) 
were unaffected. This observation may indicate yet an¬ 
other mechanism whereby floral odors mediate the in¬ 
teractions of plants, pollinators, and other animals, a 
theme reviewed by A. Kessler and Halitschke (2009) 
in the context of the variable tissue-specific regulation 
of odor chemistry. 

Changes of Scent Added by Visitors 

Many eusocial bees have been shown to scent-mark 
individual flowers after visiting them, essentially by 
leaving a “footprint” of volatile chemicals, from glands 
in the tarsi, so that subsequent visitors avoid the re¬ 
cently depleted flowers. Scent-marking is known to 
occur in bumblebees (U. Schmitt and Bertsch 1990; 
Stout et al. 1998; Goulson et al. 2001; Witjes and Eltz 
2009), in honeybees (Free and Williams 1983; Wether- 
wax 1986; Giurfa and Nunez 1992; Giurfa 1993; Wil¬ 
liams 1998) and in certain stingless bees (V. Schmidt 
et al. 2003; Nieh et al. 2003). A bee may avoid flowers 
visited only by conspecifics or may also avoid those 
marked by congenerics; in practice honeybees and 
bumblebees both avoid flowers visited by each other 
and seem to share the volatile 2-heptanone as a com¬ 
ponent of the repellent mark. Scent marking of flowers 
may operate even across orders, because bees will 
avoid flowers recently visited by a hoverfly (Reader 
et al. 2005). 

However in some circumstances both Apis and 
Bombus seem to increase their visitation to recently 
probed and highly rewarding artificial flower models 
(Cameron 1981; U. Schmitt and Bertsch 1990; 
U. Schmitt et al. 1991), indicating that a positive scent 
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signal can also be deposited. Stingless bees can also 
deposit attractant odor marks on good food sources to 
aid recruitment (Jarau et al. 2004). Thus two different 
odors may be involved in scent-marking, and honey¬ 
bees, at least, may have an attractant marker that is 
longer-lasting than their repellent marker (Stout and 
Goulson 2001). 

However, this scent marking of flowers is not auto¬ 
matic, and so is not “merely” a footprint in a mecha¬ 
nistic sense. Goulson et al. (2001) found that many 
social bees make their decision to visit a flower purely 
on direct detection of the reward when it is visible and 
will leave a scent-mark only on species where the re¬ 
wards are hidden. Nor is the mark simply predeter¬ 
mined. Stout and Goulson (2002) showed that the 
duration of marker repellency differed among flower 
species for the same bumblebee visitors, and this pe¬ 
riod varied inversely with nectar secretion rates. Re¬ 
pellency lasted just a few minutes on comfrey flowers 
{Symphytum), which replenishes its nectar rapidly, but 
could persist for 2-24 hours on the smaller and less 
nectariferous vetch-type flowers of Melilotus and Lo¬ 
tus. This might mean that signaling bees can alter the 
strength of the mark they deposit, or that receiving 
bees can alter the duration of their response to repel¬ 
lent marks (or of course both may occur). Additionally, 
bumblebees have been shown to be more than twice as 
likely to reject scent-marked complex flowers as scent- 
marked simple flowers (Saleh et al. 2006). Evidently 
there is considerable sophistication here that is still to 
be explored, not least since different bumblebee spe¬ 
cies appear to deposit very different scent components 
(Bergman and Bergstrom 1997). However, Wilms and 
Eltz (2008) showed that the marks left could be re¬ 
garded as “merely” footprints (rather than specific 
pheromonal cues) in the sense that bees did not nor¬ 
mally distinguish between flowers that had been fed at 
and those that had just been passively walked over by 
another visitor. 

It is easy to see why marking a visited flower with 
scent would be useful for social bees, who are geared 
to maximizing foraging returns, and so making a colo¬ 
ny’s food gathering efforts as efficient as possible. 
However, flower foot-printing is not unique to eusocial 
bee species. It also operates in species of Xylocopa, a 
genus of large bees with varying levels of sociality 
(e.g., Frankie and Vinson 1977), and even in the en¬ 
tirely solitary genera Centris (Raw 1975), Colletes, 
Andrena, Tetralonia, and Osmia (Yokoi and Fujisaki 


2009). In fact, in solitary Anthophora (F. Gilbert et al. 
2001) the marks left are complex multicomponent 
volatiles, individually recognizable and varying with 
foraging needs, and perhaps used as dominance or ex¬ 
clusion markers. It is possible that flower marking 
originated as a side effect of territorial marking be¬ 
haviors in solitary bees and has merely taken on new 
roles in directing feeding activity, so enhancing colony 
foraging success, in eusocial species. 

7. Special Cases 

Fragrance Cues in Deceptive Systems 

Many flowers achieve pollination by forms of decep¬ 
tion, offering apparent rewards (food or egg-laying 
sites or mating opportunities) that are misleading and 
where there is no real benefit to the forager (these are 
covered in detail in chapter 23). But we should note 
here that a high proportion of these deceptions rely on 
odor cues, exploiting the dependence of so many 
flower visitors on fragrance signals. Most famous ex¬ 
amples come from among the orchids, and figure 6.8 
illustrates one case that gives a sense of the sophisti¬ 
cated deceptions involved. Here the orchid Ophrys 
speculum provides an illusory copulation opportunity 
to male scoliid wasps {Camposcolia cilicita), mimick¬ 
ing both the appearance and scent (pheromone) of the 
female wasp. But the system also incorporates a 
change of scent after pollination, in particular a de¬ 
crease in the emission of 9-hydroxydecanoic acid, that 
parallels a substantial reduction in this compound from 
mated female wasps, so that males are not fooled into 
visiting an already serviced flower (Ayasse 2006). For 
an even more spectacular example, Schiestl et al. 
(1997, 1999) described the case in which a flower, 
Ophrys sphegodes, practices sexual deception of visit¬ 
ing male bees, Andrena nigroaeana, by its shape and 
color but above all by its bouquet, which mimics the 
female bee’s pheromone. There are 27 compounds in 
the orchid’s floral bouquet, and a decrease in total vol¬ 
atiles follows pollination, but Schiestl and Ayasse 
(2001) also found that after pollinia deposition there 
was a specific increase in famesyl hexanoate, which 
was a repellent to the bee. More details of this and 
other odor-related deceptions are given in Chapter 23. 

Another intriguing example is that of Epipactis hel- 
leborine, an orchid pollinated by chemical deception 
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Figure 6.8 Ophrys speculum scents pre- and post¬ 
pollination, showing the larger amounts of 9- 
hydroxydecanoic acid before pollination and the 0 - 

larger amounts of this same chemical in unmated as 
opposed to mated females of the main pollinator, the 
wasp Camposcolia ciliata. (Redrawn from Ayasse 
2006.) 


of social vespid wasps (Brodmann, Twele, et al., “Or¬ 
chids mimic green-leaf volatiles,” 2008). Here the 
odors from the flowers are classic green-leaf volatiles, 
which are normally emitted from damaged leaves and 
therefore indicate to the wasps the apparent presence 
of herbivores such as caterpillars, the usual prey of 
these wasps. 

However, odor mimicry is not always used. Galizia 
et al. (2005) analyzed both odor and visual signals in 
Orchis israelitica, which mimics a lily ( Bellevalia ), 
and found a shift of the mimic’s visual signals toward 
the model but could detect no olfactory mimicry, sug¬ 
gesting that this orchid relies on long-range attraction 
from neighboring model plants. 

"Unscented" Volatiles as Advertizing Signals 

Some flower visitors can respond to carbon dioxide 
given off from flowers. In Datura wrightii, visiting 
Manduca moths detect a substantial pulse of CO, giv¬ 
en off by the flowers as they open in the evening, at the 
same time as nectar production is peaking (Gueren- 
stein et al. 2004). Possibly the gas production is related 
to the high metabolic activity associated with nectar 



Unpollinated Pollinated Unmated Mated 

Flower Female wasp 


secretion and so could be an honest signal for assess¬ 
ing nectar content to an incoming moth. However the 
effect is context dependent for females (Goyret, Mark- 
well, et al. 2008), so that CO, may be mainly used as 
an indicator of host-plant quality for bouts of mixed 
feeding and egg-laying. 

Other Functions of Floral Scents 

Some anemophilous conifers produce a spectrum of 
odors from male flowers that differ from those from 
female flowers, commonly producing more a-methyl 
ketones and alcohols. Indeed, there may be a general 
link between a-methyl ketones and anemophily (Dob¬ 
son and Bergstrom 2000), suggesting that these com¬ 
pounds, which can be deterrents to insects, constitute 
an ancient pollen-defense mechanism. But angiosperm 
flower scents can also be used to repel unwanted visi¬ 
tors. Well-documented cases involving potential pol¬ 
linators are rather rare, but one neat demonstration in¬ 
volved Pieris butterflies, which were seeking sites for 
oviposition but would not visit Osmanthus flowers be¬ 
cause of the deterrent floral volatiles (Omura et al. 
2000 ). 
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The best known cases involve ants, which are gen¬ 
erally unwelcome as flower visitors (chapters 11 and 
24). Flower scents that repel ants were initially de¬ 
scribed in the unusual system involving aggressive 
ant-guards in Acacia trees (Willmer and Stone 1997a). 
Here volatiles released from the pollen briefly repelled 
the ants from young dehiscing flowers, which there¬ 
fore became accessible for visitation by pollinators, 
and the diurnal patterns of scent release thereby dif¬ 
ferentially influenced the flowers’ interaction with 
pollinators and with guards. Examples of ant repel- 
lence are now known in other acacias, and more gener¬ 
ally in a range of flowers (Junker et al. 2007; Willmer, 
Nuttmann, et al. 2009; chapter 24 for details). 

But floral scents may also influence floral enemies 
(Raguso 2004a,b), since many of the components of 
floral scents are the same as those that defend against 
herbivores. These may remain effective against gener¬ 
alist feeders but frequently become cues to specialist 
feeders on leaves or (it follows) on flowers. Galen 
(1983, 1999b) showed that ants preferred to feed at the 
more sweet-scented of the two Polemonium morphs 
already referred to, causing damage to the corolla and 
style and so exerting negative selection. In Cucurbita, 
different volatile components from the blossoms may 
attract squash bees ( Peponapis ), or attract both these 
bees and the specialist herbivore cucumber beetles, 
or in the case of indole, attract only the herbivore 
(Andrews et al. 2007), so that plants can affect their 
interactions with mutualists and antagonists by vary¬ 
ing the proportions of three key volatiles. In the case of 
scents that mimic carrion or dung, there may be a spe¬ 
cific additional benefit of herbivore deterrence (Lev- 
Yadun et al. 2009), since herbivores may associate 
such smells with the likely presence of carnivores. 

And floral scents can also attract the enemies of 
other flower visitors, which may or may not benefit the 
plant. For example, ichneumonid wasps that parasit¬ 
ize pollen beetles are attracted to oilseed rape (where 
the beetles are feeding) by the flower volatiles (Jons- 
son et al. 2005) and thus may help to reduce pollen 
losses to these relatively destructive visitors. 

New possibilities for understanding the multiple 
roles of floral odors are opening up with the use of ge¬ 
netically transformed plants. For example, D. Kessler 
et al. (2008) knocked out genes to show that both re¬ 
pellent and attractant elements in Nicotiana scents 
were needed for maximum seed-capsule production; 
attractants served to bring in bees, and repellent nico¬ 


tine served to reduce florivory and nectar robbing and 
to enforce only short drinking bouts on visiting hum¬ 
mingbirds. M. Whitehead and Peakall (2009) indicated 
other ways in which molecular tools applied to flower 
scents should assist analyses of plant evolution and 
population ecology. 

Floral Fragrance Collection: Scents as Rewards 

This is an important aspect of floral fragrance, where 
the scent itself is gathered by a flower-visiting animal 
(especially by euglossine bees) and thus acts as a pay¬ 
off to the bee. It is therefore dealt with separately in 
chapter 9, as a special case of floral rewards. 

8. Overview: Interactions of Scents with 
Other Floral Signals 

Flowers can be seen as sensory billboards (Raguso 
2004a), where all the signals that they emit across dif¬ 
ferent sensory modalities can interact to attract, guide, 
or repel particular visitors. Classic examples of such 
interactions include flower scent and height in or¬ 
chids, scent and color and temperature in carrion 
flowers, or scent, ultraviolet and color visual signals, 
and auditory echo print in some bat-visited flowers 
(see chapter 16). 

In general it is true that among signals there is vi¬ 
sual precedence in diurnally flowering species and ol¬ 
factory precedence in nocturnal species. This applies 
to both the flowers and their visitors and obviously re¬ 
flects the relative importance of different senses in the 
animals involved. Thus, Balkenius et al. (2006) found 
nocturnal moths mainly responding to odors but relat¬ 
ed diurnal species strongly favoring visual stimuli. 
There may also be range effects, so that insects and 
bats foraging by day or around dusk often use odor 
cues at longer range and visual signals when they are 
closer. This is not invariable though, since Andersson 
and Dobson (2003) showed that Heliconius butterflies 
mainly used visual cues to select flowers, but olfactory 
signals could then initiate and maintain foraging at 
closer range. And in some cases different modalities 
are clearly synergistic, so that a full response requires 
two or more signals to be present; for example, Mand- 
uca hawkmoths will not feed normally on Datura un¬ 
less both visual and olfactory cues are presented 
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(Raguso and Willis 2004). Similarly, bumblebees are 
now known to learn faster, and to achieve a higher 
accuracy in their decisions, when they are given dif¬ 
ferences in both modalities simultaneously in model 
flowers (Kulahci et al. 2008). 

Whatever the precedence or the balance, for the 
more specialist flowers there is seemingly always 
some matching between the signal strength from the 
flowers and the sensory strengths of preferred visitors. 


so that odor cues are especially obvious in bat- and 
moth-pollinated flowers and common also in the broad 
swathes of bee-pollinated species. But an increasing 
appreciation of the role of nonpollinators (thieves, 
florivores, and others) in shaping selection on flower 
signals and of environmental factors that also affect 
signal strengths undoubtedly means that there are fur¬ 
ther levels of sophistication yet to be uncovered in the 
details of floral odors. 


Chapter 7 


REWARDS 1: THE BIOLOGY OF POLLEN 


Outline 

1. Pollen Grain Characteristics 

2. Storage and Delivery of Pollen in the Plant 

3. Pollen Packaging 

4. Pollen Gathering by Animals 

5. Pollen as Food 

6. Pollen Preferences? 

7. The Longevity and Viability of Pollen 

8. Pollen-Only Flowers 

9. Pollen Competition 

10. Conclusion: How Much Pollen Is Needed? 


A pollen grain contains the male gamete of the angio- 
sperm plant and is thus the equivalent of a spore in 
many other plants. In essence, the structure of a pollen 
grain is adapted to protect and nourish the male gam¬ 
ete during its maturation and subsequent transit be¬ 
tween plants, and then to ensure that one of its nuclei 
reaches and fertilizes an ovule within another plant. 
The grain must alight on an appropriate stigma and 
germinate, then develop a pollen tube down through 
the style along which the nucleus can travel so that the 
nucleus passes down to the ovary at the base. 

As discussed in chapter 4, pollen is the primary re¬ 
ward for flowers in an evolutionary sense and probably 
the resource for which animals first went to flowers. 
Its inherent characteristics—small easily managed 
nutrient-containing packages—make it a useful re¬ 
source to exploit as food, potentially collectable by 
almost any animal. It remains a crucial reward for pol¬ 
len-eating and pollen-gathering visitors, such as some 
flies, some beetles, and virtually all bees. But for many 
contemporary visitors it is functionally secondary, an 


extra reward for animals that primarily track nectar re¬ 
sources and pick up pollen incidentally. Furthermore, 
since pollen is formed and dispensed in the male or¬ 
gans of flowers, it occurs only in about half the flowers 
in dioecious species; hence cross-pollination by main¬ 
ly pollen-seeking visitors is potentially very difficult 
for dioecious plants. 

Pollen thus has two functions—reproduction, and 
reward of visitors—that are mutually incompatible. As 
an offering to visitors, pollen is expensive for a plant, 
both in terms of the nutrients invested in it and in terms 
of the direct loss of genetic material every time it is 
consumed. Whether pollen is the primary or the sec¬ 
ondary reward, then, it must usually be produced in 
considerable excess over the needs of reproduction, 
and a flower should be expected to have adaptations to 
reduce pollen grain losses to inefficient or inappropri¬ 
ate visitors. 

Pollen quantity and quality have been extensively 
reviewed (e.g., Stanley and Linskens 1974; Bernhardt 
1996; D’Arcy and Keating 1996; Cruden 2000; Roul- 
ston and Cane 2000), often in an attempt to understand 
pollinator preferences for particular kinds of pollen¬ 
dispensing flowers. But it should be said at the outset 
that pollen characteristics have proved to be primarily 
related to the plant’s phylogenetic relations and its re¬ 
production, and there is relatively little evidence that 
aspects of pollen shape, size, or chemistry have been 
shaped by selection from pollinators. 

1. Pollen Grain Characteristics 

Pollen Crain Structure 

As an anther forms in the developing flower bud, it can 
be seen to be four-lobed (normally) and composed of 
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Figure 7.1 The structure of the four main pollen grain layers, showing some alternative terminologies. (Modified 
from Nepi and Franchi 2000.) 


four layers of rather large cells with unusually large 
nuclei. These cells divide repeatedly lengthwise as the 
anther elongates, and also divide inwards once, to give 
an outer cell layer that forms the tapetum (part of the 
anther wall), and an inner cell layer whose cells be¬ 
come the pollen mother cells. At this stage meiosis oc¬ 
curs (cell division from the normal diploid to the re¬ 
productive haploid state), every mother cell thereby 
producing a quartet of cells each with half the parental 
chromosome number. These individual cells separate 
slightly from each other and develop their own surface 
structures to become four distinct pollen grains. Within 
each grain the initially single haploid nucleus divides 
again to form a vegetative nucleus and a generative 
nucleus. The latter divides again to give two nuclei, 
which are the true gametes, and thus each mature pol¬ 
len grain normally has three nuclei present. 

Structurally, the resultant pollen grains have four 
principle layers (fig. 7.1), which protect the pollen 
against desiccation, overheating, genetic damage from 
excessive UV radiation in strong sun, and pathogenic 
attack from bacteria or fungi. The form and functions 
of these layers have been reviewed in detail by Heslop- 
Harrison (1979) and Hesse (2000). 

The most superficial layer is a thin oily material 
called pollenkitt, which is secreted by the tapetum tis¬ 
sue within the anther and consists primarily of lipids 
(especially linolic acid, linoleic acid, and arachidonic 
acid; Solberg and Remedios 1980) that are the compo¬ 
nents of broken-down tapetal cells and cell organelles. 
It also contains some pigments, mainly flavonoids in 
gymnosperms but mainly carotenoids in zoophilous 
angiosperms. These pigments have the advantage of 


absorbing UV strongly but reflecting longer wave¬ 
lengths that could initiate overheating. Pollenkitt is 
particularly associated with insect pollination and can 
be entirely absent in some anemophilous plants; fur¬ 
thermore, where it occurs, it sometimes dries out after 
a few hours, losing its stickiness, and the pollination 
mode may then shift toward anemophily (e.g., in Cy- 
clamen, Calluna, Erica, and Tilia\ Hesse 2000). Parts 
of the pollenkitt layer, especially within the grooves of 
the surface sculpturing of the grain, also include small 
amounts of proteins, again derived from the tapetum, 
that give adhesive properties and are involved in self¬ 
incompatibility effects (section 3 in chapter 3, Meth¬ 
ods for Avoiding Selfing within a Flower). These are 
also the proteins ( sporophytic proteins, sometimes also 
termed pollen loadings) that produce allergic reactions 
to pollen (hay fever) in many humans. The proteins 
reveal their main functions after landing on the correct 
stigma: they flow off the grain and form a “foot” that 
penetrates the microscopic channels on the stigmatic 
surface, and are thus the essential recognition mole¬ 
cules involved in incompatibility. 

Two other surface components may occur. In bras- 
sicas and some other groups, tryphine is found, while 
in the Ericaceae, Onagraceae, and some caesalpinioid 
Fabaceae, strands of material known as viscin threads 
are found (with the even stickier elastoviscin occur¬ 
ring in orchids). These probably all have similar func¬ 
tions to pollenkitt, providing increased adhesion both 
between the pollen grains and between pollen and vec¬ 
tor. Skvarla et al. (1978) reported that viscin threads 
were beaded in moth- and bird-pollinated taxa, but 
smooth in bee-pollinated groups, such as evening 
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primroses, but there is no further clear evidence of 
such functional correlates. Hesse et al. (2000) indicat¬ 
ed that in different plants they could function either to 
facilitate pollen presentation or to limit and regulate 
pollen dispensing. 

Beneath the pollenkitt, the main outer wall of the 
pollen grain is termed the exine, and this is again pri¬ 
marily assembled from materials supplied by the tape- 
turn lining the anther. It consists largely of a polymeric 
terpenoid molecule termed sporopollenin (which also 
forms the viscin threads on the surface). The exine 
usually has several sublayers, with suitably complex 
associated terminology shown in figure 7.1. In some 
families (such as Asteraceae) it is exceptionally thick, 
while in others (such as Strelitziaceae) it is merely a 
thin skin over the pollen grain. Whatever its substruc¬ 
ture, though, the exine as a whole is extremely resis¬ 
tant to decay, to physical damage, and to chemical 
attack. 

Inside the pollenkitt and exine lies a second wall, 
the intine, essentially a normal plant cell wall made up 
mainly of cellulose, hemicelluloses and pectin, with a 
little protein (Heslop-Harrison and Heslop-Harrison 
1991), and with some apertures through which the pol¬ 
len tubes can grow at the time of germination. Inside 
the intine is the plasmalemma (cell membrane), where 
calcium fluxes occur that are linked with pollen hydra¬ 
tion and germination (Malho 1999). Finally there is 
the cytoplasm of the cell, although this may be less 
than half of the total volume of the grain, especially in 
smaller pollens. The cytoplasm is usually rich in car¬ 
bohydrates, especially polysaccharide starch and the 
simple hexose sugars, which form the fuel reserve for 
development and germination of the gamete. Some 
lipid may also be present as an additional energy store, 
especially in smaller grains. 

Much of the diversity of pollen grains (fig. 7.2 and 
plate 18) arises from the exine layer’s surface features, 
which can be extremely variable in terms of pattern 
and sculpturing, and form the main identification fea¬ 
tures of the specific pollen. Especially important are 
the pores (or apertures) and furrows that demarcate the 
site of origin of the pollen tube after germination and 
that also act as exchange sites for water and for recog¬ 
nition substances. The terminology of pollen grain 
features is reviewed by Thanikaimoni (1986). Dicot 
plants often have pollen of an elongate shape with 
three pores (triporate) or three longitudinal furrows 
(tricolpate), each of which may contain a central pore; 


in fact all eudicots (see appendix) have the synapo- 
morphy of triporate pollen grains, although some have 
spherical or tetrahedral shapes with additional regu¬ 
larly spaced pits and corrugations. In contrast, mono¬ 
cot pollens usually have just one pore or groove (mo- 
noporate or monocolpate). Furness and Rudall (2004) 
suggested that an increase to three pores per grain gave 
dicots a significant advantage, ensuring contact be¬ 
tween at least one aperture and the stigmatic surface, 
which may have contributed to dicot radiation and suc¬ 
cess. However, there are no other obvious correlations 
of pore type or distribution with pollination mode or 
other aspects of ecology, except perhaps that aporate 
(inaperturate) or monoporate pollens occur rather of¬ 
ten in plants from wet or moist habitats and are accom¬ 
panied by unusually thin exine layers (Furness and 
Rudall 1999), so that pollen hydration is probably eas¬ 
ily achieved. Aporate pollen is also found in sterile 
pollens that are provided only for visitors to feed on 
(see below), where the pollen is itself dimorphic (Fur¬ 
ness 2007). 

The more general surface sculpturing of pollen is 
remarkable, and the associated terminology was clari¬ 
fied by Punt et al. (1994); a range of pollen types is 
shown in the scanning micrographs in figure 7.2. It 
is not really clear why there is so much variation in 
surface structure, although there has been much specu¬ 
lation here. There is no obvious physical fit with stig¬ 
matic surface features, so that the stigma/pollen 
interaction is certainly not a lock-and-key relationship, 
as has sometimes been implied. Probably some corre¬ 
spondence occurs between pollen surface features and 
the general dimensions of patterning on the stigmatic 
surfaces, since pollen grains need to make close con¬ 
tact there while taking up water for germination, but it 
is not a very specific relationship. Nor is there any ob¬ 
vious fit of pollen grain structure with any structural 
features of visitors, such as bees. Certainly having a 
rough surface and general dimensions of 20-60 pm 
(plate 18) will help pollen to be picked up onto bees’ 
plumed hairs (or onto lepidopteran scales, which have 
their surface divisions in a similar size range), but the 
detailed surface sculpturing is on a scale at least ten 
times smaller than this and cannot be matched with 
any animal’s pollen-collecting structures (Simpson 
and Neff 1983). 

Most authors therefore find no links of pollen 
sculpturing to pollinator type, although such studies 
are always hampered by the lack of data across enough 


The Biology of Pollen • 157 



Figure 7.2 (A) Appearance of a range of pollen grains, not all to scale. (B) A range of surface structures seen in 
scanning electron micrographs of pollen grains, showing pores, furrows, reticulations, and protrusions. Top row: 
Anthriscus, Lamium ; middle row: Hedera, Chamerion, Verbascum; bottom row: Taraxacum, Ilex, Asclepias. (Photo¬ 
graphs kindly supplied by the Food and Environment Research Agency of the UK). 


genera and species. Ferguson and Skvarla (1982), in a 
review of pollen morphology in leguminous plants, 
did point to several features that appeared to vary with 
pollination mode. Hemsley and Ferguson (1985) sub¬ 
sequently showed that within the genus Erythrina, the 
pollens are less delicate when they are from species 
pollinated by perching birds compared with those from 
species pollinated by hummingbirds, the latter also 
having less pollenkitt present, while Ferguson and 
Pearce (1986) also found differences related to polli¬ 
nation mode within Bauhinia. Outside the legumes, 
Grayum (1986) suggested that the pollens of Araceae 
were variously correlated with large beetles (large 
grains or polyads), with small beetles (polyplicate 
pollen, having multiple parallel folds along the main 
axis), and with flies (more spinose pollen, having tiny 
spines across the surface). ITowever, most of these 
comparisons lacked a good phylogenetic framework 
and so could not use a strict comparative method to 
eliminate the effects of phylogenetic constraints. In 
contrast, Linder (1998) attempted a phylogenetically 


controlled analysis for windborne pollens and showed 
that an apparent tendency to have smoother surfaces 
was probably a taxonomic artifact. Stroo (2000) took a 
similar approach with bat-pollinated plants and found 
no correlations for surface structures or sculpturing, the 
only significant effect being larger grains in chiroptero- 
philous species than in other plants (chapter 16). 

The point made by P. Crane (1986), and echoed by 
many others, is apposite here: pollen grains are evi¬ 
dently not optimally designed for a single very specific 
function in a very specific habitat, but instead are bal¬ 
ancing the needs of at least two functions and are suit¬ 
ed to work reasonably well in varying ecological con¬ 
texts and environmental conditions. 


Pollen Crain Size and Shape 

Pollen grains vary from 4 to 350 microns (pm) in diam¬ 
eter, but most are in the range 15-60 pm, with an aver¬ 
age around 35 pm. Table 7.1 gives further examples. 
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Table 7.1 

Pollen Grain Sizes 


Plant 

Pollen grain diameter (pm) 

Myosotis 

5 

Echium 

12 

Lecythis 

20-30 

Acacia (polyad) 

30-50 

Brassica oleracea 

50 X 30 (ovate) 

Bauhinia 

100 

Typha (tetrad) 

50 

Cleome 

17-30 

Adansonia 

60-67 

Bombax 

43-49 

Musa 

50 

Heliconia 

60-80 

Pseudobombax 

68-75 

Mirabilis 

80 

Cucurbita pepo 

1 30-160 

Lavatera 

100 

Durio 

50-70 

Kigelia 

40 

Agave 

70-80 

Cucurbitaceae 

100-200 

Malvaceae 

150-200 


This range in diameter leads to a greater than 10 5 -fold 
difference in grain volume. Grain size tends to have a 
moderate phylogenetic component (e.g., the borage 
family has small pollen, with Myosotis grains at just 
5 pm, while the mallow and cucurbit families often 
have large pollen, cucumber pollen commonly around 
200 pm in diameter). However, there is no particular 
relationship between pollen size and pollinator (e.g.. 
Harder 1998), at least for bee- and bird-pollinated 
plants. There is a fairly crude match between large 
flower size, long styles, and large pollen grains, as 
might be expected simply from allometric consider¬ 
ations; and this correlation does suggest that larger- 
bodied pollinators (such as birds and bats) that visit 
larger flowers will usually get larger grains even with¬ 
out specific selection for this association. There are 
also some distinctions between abiotically transferred 
pollens (chapter 19), with anemophilous pollen usually 


small and spherical, epihydrophilous pollen large and 
spherical or slightly elongate, and hypohydrophilous 
pollen essentially filiform (Ackerman 2000). 

Pollen grain size can be variable within a species in 
relation to environmental factors. The nutritional sta¬ 
tus of the plant has some effect: higher nutrient levels 
increase the grain size in Clarkia (Vasek et al. 1987), 
and both nitrogen and phosphorus specifically pro¬ 
mote larger pollen in cucurbits (Lau and Stephenson 
1993, 1994). Altering the plant’s nutrient balance 
through herbivory or artificial defoliation can decrease 
pollen size, as well as decreasing pollen grain number, 
in Chamaecrista (Frazee and Marquis 1994) and 
Cucurbita (Quesada et al. 1995). A similar reduction 
in grain size has been recorded following removal of 
the leaves in Raphanus (Lehtila and Strauss 1999), al¬ 
though soil nutrient availability had no such effect in 
this plant (H. Young and Stanton 1990a). 

Grain shape, as with surface patterning, seems 
largely unrelated to issues of fit with the stigma or pol¬ 
linator, but it does give crucial information for pollen 
identification, a range of possibilities and terminolo¬ 
gies being shown in table 7.2. 

Pollen Advertisement: Color and Odor 

Through visual or olfactory signals, pollen itself may 
be part of the attraction apparatus of a flower, espe¬ 
cially where there are particularly large anthers or 
where many anthers form a brush effect (as in many 
Rosaceae or in mimosoid Fabaceae, where the anthers 
form the entire outer surface of the inflorescence). 
Examples can be seen in plates 2, 8, 13, and 14. In¬ 
deed, Lunau (2000) argued that pollen was the origi¬ 
nal floral visual signal and that much of the color pat¬ 
terning and morphology of zygomorphic flowers is 
based on mimicry —signal copies —of anthers or pol¬ 
len (chapter 5). 

Pollen grains are most commonly yellow in color, 
extending to cream or orange shades. More rarely they 
can be white, brown, black, red, or even blue or purple 
(plates 13H and 27E). The color may sometimes be 
adaptive in itself; for example, in bird-pollinated or¬ 
chids (Dressier 1971) and cacti (Rose and Barthlott 
1994), dull-brown pollens occur, even though related 
insect-pollinated species have the usual yellow pollen. 
Such coloration might indicate a lesser signaling func¬ 
tion for pollen in ornithophilous plants, but it has also 






Table 7.2 

Pollen Terminology 
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Class 

Clypeate: grooves between circular or polygonal exine areas 

Fenestrate: ridges between circular or polygonal exine areas 

Plicate: parallel folds following long axis of grain 

Saccate: one or more expended sacs on main grain (only gymnosperms) 
Spiraperturate: one or more spiral apertures 

Shape 

Irregular 

Oblate: polar axis shorter than equatorial diameter 

Prolate: polar axis longer than equatorial diameter 

Spheroidal: polar axis and equatorial diameter roughly equal, hence a 
sphere 

Cross section 

Circular 

Elliptic 

Lobate 

Polygonal 

Quadrangular 

Triangular 

Aperture type 

Colpate: apertures elongated, at equator or all over grain 

Sulcate: aperture elongate and at distal pole 

Porate: apertures circular or elliptical 

Poroid: apertures as above but with indistinct margins 

Colporate: porate aperture with a raised area ( colpus ) within it 

Ulcerate: single rounded aperture at distal pole 

Annulate: aperture sharply differentiated from rest of grain surface 
Operculate: aperture surface with marked exine sculpturing 

Ornamentation 

Baccate: rod-like protrusions 

Clavate: club-shaped protrusions 

Echinate: spine-shaped protrusions 

Microechinate: spines less than 1pm tall 

Fossulate: elongate irregular grooves 

Foveolate: rounded depressions 

Gemmate: globular protrusions 

Granulate: tiny granular protrusions 

Perforate: small, scattered perforations 

Psilate: more or less smooth 

Reticulate: irregular depressions in network-like surface, 

Microreticulate: irregular depressions less than 1pm deep 

Reticul-cristate: reticulate with network formed by rows of protrusions 
Rugulate: flattened, elongated exine structures 

Striate: flattened, elongate, parallel exine structures 

Verrucate: wart-like protrusions 
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Figure 7.3 Examples of the spectral reflectance of 
pollen grain surfaces: (1) Calystegia (whitish); 

(2) Mimulus guttatus (yellow/orange); (3) Chrysan¬ 
themum vulgare (bright yellow); (4) Lilium henryi 
(deep orange); (5) Linaria vulgaris (hidden and 
strongly UV reflecting); (6) Pinus cedris (yellowish). 
(Redrawn from Lunau 2000.) 


been interpreted as a matching to beak or face color to 
reduce the risk of conspicuous pollen being groomed 
off. Many pollens change color as they dry out, often 
appearing whitish as they desiccate with age, which 
could again serve as a useful signal from the pollen 
itself, independently of flower color. 

Most of the color in fresh pollen derives from pig¬ 
ments in the pollenkitt layer. Bright yellow colors are 
mainly due to carotenoids such as [3-carotene, lutein, 
and antheraxanthine, which occur in most zoophilous 
pollens (Dobson 1988), although often less intensely 
in pollens that are concealed within the corolla (Lunau 
2000). The carotenoids in modern pollens are probably 
secondary products, since most nonangiosperm pol¬ 
lens and most fern and moss spores contain paler fla- 
vonoid pigments, such as quercetin and chalcones 
(Brouillard and Dangles 1993), which have greater 
UV absorption. Figure 7.3 shows examples of the 
spectral reflection of some pollens, including anemo- 
philous examples, based on Lunau (2000). 

In a few taxa the pollen color is polymorphic; we 
met examples in Commelina species in chapter 2, 
which have yellow, blue, or brown anthers and pollens. 


The dog’s tooth violet, Erythronium grandiflorum, 
may have either red or yellow pollen, which has proved 
useful in looking at pollen dispersal and gene flow 
(J. Thomson and Thomson 1989). Hairy flax (Linurn 
pubescens) has white or blue pollen, associated loose¬ 
ly with yellow and blue corollas, respectively, but with 
some opposite combinations occurring (Wolfe 2001). 
Some species of Nigella have two pollen-color morphs, 
yellow and violet, and their frequency correlates with 
habitat, the darker morphs being commoner on north- 
and east-facing slopes and also being more susceptible 
to drought (Jorgensen and Andersson 2005), perhaps 
indicating an effect of, or reaction to, insolation levels. 
However, in this genus there seem to be rather incon¬ 
sistent site-specific effects of pollen color on visitors 
(Jorgensen et al. 2006). Some plants with dimorphic 
anthers (heteranthy) also have two kinds of pollen: a 
notable example is Lagerstroemia, in which the fertile 
reproductive pollen is borne on six large anthers and is 
blue, whereas the food (fodder) pollen (which can ger¬ 
minate but never achieves fertilization) is provided by 
30-40 much smaller anthers and is yellow (Pacini and 
Bellani 1986); these two pollens also differ in exine 
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patterning and pore number. Dimorphic pollen is also 
well documented in the legume genus Cassia (fig. 2.5). 
This again shows heteranthy (plate 12D), with pro¬ 
truding, showy yellow, brown, or red anthers that are 
buzz pollinated by bees and yield food pollen, whereas 
the larger, dull-colored, functional pollen is in the in¬ 
conspicuous dorsal anthers (chapter 23). In C. bauhi- 
noides the pollen yield is 21% large grains (about 80 
pm) and 79% small grains (about 27 pm), a finding 
interpreted as reflecting the need for fodder pollen to 
be more abundant (Linsley and Cazier 1972). Other 
species in this genus show similar dimorphy, with at 
least a twofold size difference between the two pollen 
types. Allocation of resources to two different anther 
types has also been shown in Monochoria (Pontederi- 
aceae) (Tang and Huang 2007), where mirror-image 
flowers (enantiostyly, see chapter 3) occur, each with 
one large purple anther mainly contributing to pollina¬ 
tion, and five smaller, yellow feeding anthers; the 
feeding anthers have much less pollen in them in a 
selling species (M vaginalis ) than in an outcrossing 
species (M. korsakowii). 

Even more remarkably, some heterostylous plants 
(chapter 2) have different pollen morphs on their dif¬ 
ferently positioned (but otherwise very similar) an¬ 
thers. We saw earlier a case of morphological differ¬ 
ences for Armeria (fig. 3.11), but color differences are 
rather more common. For example, in the tristylous 
Lythrum salicaria, the short- and middle-length sta¬ 
mens in or near the corolla mouth bear bright yellow 
pollen, whereas the long stamens that project well out 
of the corolla have inconspicuous green pollen (Lunau 
1995); but since all morphs have a bright yellow pseu¬ 
dostamen mark at the corolla entrance, it may be hard 
for visitors to select between the morphs. 

Pollen grains frequently carry their own odor, 
which originates in the pollenkitt and is therefore sig¬ 
nificantly more common in zoophilous plants than in 
anemophilous plants. The odors involve the same 
kinds of volatiles that produce other floral scents (Dob¬ 
son and Bergstrom 2000; chapter 6) but are generally 
not identical to the odor components from the rest of 
the flower (Dobson, Groth, et al. 1996), although the 
pollen may adsorb some additional odor components 
from the surrounding floral tissues after dehiscence. 
Pollen odors may originally have been functional in 
pollen defense against pathogens, such as fungi or 
bacteria (Char and Bhat 1975), and against flower 
feeders, only later taking on a role in attraction (Pellmyr 


and Thien 1986). In modern plants, pollen odor may 
serve both attractive and defensive functions, and the 
volatiles that produce the scents may also have some 
role in pollen-stigma interactions. It could be argued 
that the presence of specific pollen odors, which can 
be discriminated and preferred by visitors such as 
bees, is evidence that the pollen is “deliberately” pro¬ 
vided as a reward to pollinators in many plants. Cer¬ 
tainly honeybees can choose between pollens on the 
basis of their phenolic odors, preferring low phenolic 
content, even though this has no nutritional signifi¬ 
cance (F. Liu et al. 2006); and they can also deactivate 
some of these phenolics within the hive (F. Liu et al. 
2005). 

In the last chapter in Other Functions of Floral 
Scents, we noted that some conifers produce specific 
odors from male flowers and also that pollen volatiles 
can be repellent to some flower visitors in Acacia and 
other plants. However, where defensive volatiles occur 
in zoophilous flower pollens, they might need to be 
overlaid by stronger attractant scents for the desirable 
visitors, at least while the pollen is freshly available 
(Dobson and Bergstrom 2000). This should be particu¬ 
larly important in entomophilous plants, which tend 
to have stronger pollen odors than ornithophilous spe¬ 
cies (Dobson 1988). There are indications that beetle- 
pollinated species have especially strong pollen scents 
and that beetles are particularly attracted by pollen 
volatiles (e.g., S. Cook et al. 2004), as perhaps are 
thrips (Kirk 1985) and some moths (LeMetayer et al. 
1993). A few specialist bees are also specifically re¬ 
sponsive to pollen odors when seeking their preferred 
plants (Dobson and Bergstrom 2000). Thus olfactory 
cues from pollen could be involved both in animals 
choosing between floral species and in selecting the 
most rewarding flowers within a species, at least where 
the anthers are not visually exposed. 

One other possible role for pollen volatiles, unre¬ 
lated to advertisement, is that of pollen allelopathy, 
whereby pollen of one species can exert negative 
effects on another species’ pollen, thus gaining a com¬ 
petitive advantage (Murphy 1999; Dobson and Berg¬ 
strom 2000; Roshchina 2001). Usually conspecific 
pollen on a stigma acts to inhibit germination of het¬ 
erospecific grains (Gaur et al. 2007), but sometimes 
foreign pollen inhibits the correct pollen’s growth, 
worsening the physical effects of stigmatic clogging. 
This has been documented for rather few plants 
however. 
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Figure 7.4 Stages in pollen development up 
to dehiscence, and subsequent volume 
reductions as desiccation occurs at variable 
rates in relation to environmental conditions: 
(*) aquatic pollen; (**) zoophilous or anemo- 
philous pollen than completes its dehydra¬ 
tion after presentation, varying with humidi¬ 
ty; (***) usually anemophilous pollen, with 
no mechanisms to prevent dehydration. 
(Redrawn from Dafni and Firmage 2000.) 


2. Storage and Delivery of 
Pollen in the Plant 

Storage in Anthers 

Anther design was discussed in chapter 3. Varying 
from one to several hundred per flower, most anthers 
are ovate or elongate and commonly contain four sep¬ 
arate pollen-filled locules arranged in two pairs, giv¬ 
ing the anther a two-lobed appearance. Within each 
locule the pollen grains are bathed in a nutritive locu¬ 
lar fluid, and at maturity this fluid reduces in volume 
(fig. 7.4) either by evaporation or resorption (Pacini 
2000). It is the change in locular fluid that triggers an¬ 
ther opening, and also leads to the pollen drying out 
somewhat, to a water content of less than 20%, so that 
it enters a relatively dormant state immediately prior 
to dispersal. 

The amount of pollen within an anther reasonably 
matches how much of it is required for effective repro¬ 
duction, so there is substantially more in species that 
only produce pollen as a reward (e.g., poppies, where 
a single flower may produce more than 2 million pol¬ 
len grains) when compared to a similar-sized and simi¬ 
larly visited flower that also produces nectar. Table 7.6 
includes some further information on grain number as 
related to ovular number. 

Some anthers are nonfunctional (chapter 2), being 
devoid of pollen and purely serving for attraction of 
visitors. In most such cases there are both normal and 
empty anthers within the same flower. 


Delivery by Anther Dehiscence 

Anthers are initially sealed structures and must be un¬ 
sealed in the process of dehiscence, often only under¬ 
going this process once the corolla itself opens (al¬ 
though in some flowers the anthers open before the 
petals separate). Anthers usually open by longitudinal 
splitting along the visible furrows of the locules; the 
slit generally runs down the whole length of the anther, 
and it may be directed to the inside or the outside of 
the corolla (introrse or extrorse). Sometimes the slit is 
not elongate but curved,to give a valvate anther (fig. 
2.3), and in Acacia and related genera, this type of 
opening results in the anther heads appearing to have a 
stalked lid (termed an anther gland) that lifts up at de¬ 
hiscence (fig. 7.5), the stalk serving almost like a zip- 
fastener around the locules prior to this. 

A locule usually opens gradually, over the course of 
a few minutes or hours, depending on species and en¬ 
vironmental conditions. Its time course may vary 
adaptively, at least in Penstemoiv, here opening is more 
rapid and synchronous in bird-adapted flowers than in 
bee-adapted species (J. Thomson et al. 2000). 

Once an anther is open, the pollen can exit in one of 
several ways. In the simplest cases it may be passively 
released directly into the air, either dropping from pen¬ 
dant anthers or being moved off by air currents; this is 
of course characteristic of anemophilous plants (chap¬ 
ter 19) but also occurs in quite a range of mainly ento- 
mophilous flowers as they age, and the pollen not col¬ 
lected by visitors progressively dries out. 
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Figure 7.5 Acacia anther heads (A) with "lids" (anther glands) that lift 
on a stalk (B) to reveal the composite polyads. 


In animal-visited plants the pollen is usually not al¬ 
lowed to fall after dehiscence but instead is retained 
within or just at the surface of the anther chambers 
(primary pollen presentation), sometimes with pro¬ 
gressively more pollen exposed as the anther slit elon¬ 
gates over time. The pollen grains are restrained by 
their own sticky surface properties or by viscous 
threads (or both), until the flower is visited and new 


surfaces to adhere to are offered, with pollen then 
moving directly from anther to vector. 

Alternatively, in a minority of flowers the pollen 
grains may be “launched” dynamically in several 
ways, either into the air or onto a visitor. One possibil¬ 
ity uses filament movements', in Mahonia the anthers 
curve inward when the flower is touched, thus con¬ 
verging on the sides of a visitor’s tongue or face (plate 
12B). In some composite flowers the filaments are sen¬ 
sitive and contract slightly when the flower is visited, 
so that the closed tip of the style in effect moves up 
within the “tube” of stamens and brushes some pollen 
out onto the visitor (chapter 2; and fig. 7.6). Such 
movement allows for the controlled, progressive de¬ 
livery of pollen, about 20-25% of the total being 
emitted at the first contraction for Centaurea, with 
lower amounts for each succeeding visit (Percival 
1965). 

Similar effects can occur in groups other than the 
composites, with anthers held down until triggered or 
with anther appendages acting as trips or levers to dis¬ 
pense pollen. In Kalmia the ten anthers are held folded 
outward by pockets in the petals and then spring up¬ 
ward and inward when a flower is probed. In Torenia, 
J. E. Armstrong (1992) described a flanged outgrowth 
from the pollen-sac wall, which when pressed produc¬ 
es a lever action in the anthers, forcibly shedding pol¬ 
len grains. Somewhat similarly, in many species of 
Salvia there are just two functional anthers, in each of 
which one of the two lobes is abortive and expands 
downward to form a flap that almost blocks the en¬ 
trance to the tubular flower. When a bee visits, it push¬ 
es against these two sterile lobes or inserts its tongue 
into a small hole in the staminal lower lever, which 
makes the two fertile anther lobes swing down about a 
see-saw pivot point and so contact the bee’s abdomen 
(fig. 2.17B; Reith et al. 2007). In some salvias this 
mechanism is less well developed and the lower anther 
lobes still produce some pollen, while in many scarlet- 
hummingbird-pollinated salvias of the Neotropics, the 
see-saw mechanism has been lost, although there is 
still only one anther lobe and pollen merely rubs onto 
a visiting bird’s head. Han et al. (2008) most clearly 
demonstrated dose-controlling lever effects in Incar- 
villea arguta, where downward-pointing appendages 
on the anthers act as levers to dispense pollen, one set 
initiating pollen release as a large-enough visitor (e.g., 
a bumblebee) enters the flower and a second set pro¬ 
ducing a further aliquot of pollen as a bee exits; here 
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Figure 7.6 The pollen-dispensing brush of a typi¬ 
cal composite, where the style emerges from 
within an anther tube and has hairs on its outer 
surface that sweep pollen out and upward as it 
grows; the style therefore bears self-pollen exter¬ 
nally before its own stigmatic surfaces spread 
apart to receive incoming cross-pollen. 


proportions of pollen remaining in the flower declined 
from 27% to 10% and 7% in successive visits. 

These anther movements are all relatively slow and 
contrast with the fast “trigger” effects that are seen in 
a smaller range of flowers and that sometimes even 
produce a relatively explosive pollen release. The trig¬ 
gered ejection of pollen at the time of dehiscence can 
result from the sudden release of mechanical stresses 
set up in the anther as it dehydrates (see below), for 
example, in the castor oil plant Ricinus (Bianchini and 
Pacini 1996), where launching is weaker at high hu¬ 
midities. Or triggered release can occur as the anthers 
move, as in bunchberry ( Cornus canadensis ), where 
the pollen is catapulted vertically from the anthers 
either onto a visiting insect or into the wind (Whitaker 
et al. 2007). Ejection may sometimes result from elec¬ 
trostatic forces as, for example, in some anemophilous 
plants where the inside of the anther bears orbicules. 
The latter are made of sporopollenin similar to that on 
the pollen surfaces, so that the pollen may be ejected 
from the anther as soon as it opens because of the re¬ 
pelling similarity of electrostatic charges on these two 
surfaces (Keijzer 1987). Release can also be triggered 
well after the time of initial dehiscence, for example, 
in legumes such as beans, broom, sweet peas, etc., 
where the keel formed from the two lower petals 
(chapter 2) acts as a landing platform for visitors. The 
visitor’s weight depresses the keel and allows the sta¬ 
mens to spring up and strike pollen onto the animal’s 
underside. 

Triggering can also be used to achieve precise place¬ 
ment of pollen onto different visitors. In Australian 
Stylidium trigger-plants, there are rapid movements of 
the combined column (style plus stamens), which at 


rest is arched back to one side of the petals but which, 
being sensitive at its base, will strike forward when a 
bee or fly visitor alights, thus depositing or picking up 
pollinia from a precise point in space. Of 31 species 
examined (Armbruster et al. 1994), there was little 
overlap in the placement of the pollinia on a visitor, so 
ensuring specificity of pollen transfer to a conspecific 
flower. 

All of the above examples involve primary pre¬ 
sentation. However secondary pollen presentation (G. 
Howell et al. 1993; Yeo 1993) occurs in a relatively 
small proportion of plants (though across at least 
25 families). Here the pollen is dispensed from the an¬ 
thers onto some other part of the flower, where it ad¬ 
heres because of the pollenkitt, and is subsequently 
picked up by visitors from that secondary site. For ex¬ 
ample, in Campanula species, the anthers dehisce in 
the closed-bud stage when they are closely adjacent to 
the style, so the pollen is dispensed onto the rather 
hairy outer surfaces of the style tip, then the anthers 
subsequently shrivel (Leins and Erbar 1994). The pol¬ 
len must then be picked up secondarily from the style 
by incoming insects, and only later (after a few hours 
or days) does the style itself open at the tip to reveal 
receptive stigmatic surfaces; if these are not dusted by 
cross-pollen over the next day or two, they may curve 
downward to contact any remaining self-pollen as a 
last resort. Something similar occurs in those genera 
of the Asteraceae that have only ray florets, such as 
dandelions (chapter 2), and also in Anthurium inflores¬ 
cences (Araceae), where a piston-like mechanism 
forces pollen from the hidden male flowers out of an 
opening below the spadix (Westerkamp 1989). In some 
flowers pollinated by nonflying mammals, pollen is 
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Figure 7.7 (A) Acrotriche pollen combs, picking up 
self-pollen while reflexed within the bud and then 
held erect and pollen-presenting on the open 
flower, with the anthers now withered (modified 
from McConchie et al. 1986). (B) Pollen presenters 
in Protea, where the anthers are sited directly on 
the perianths (strictly these are tepals), and their 
pollen is transferred to the emerging style surface 
within the bud; the main display features of a ma¬ 
ture Protea inflorescence is often a mass of these 
"pollen presenters" (see also plate 27). 



dispensed onto pollen combs on the petals, as in Ac¬ 
rotriche (fig. 7.7A), or is delivered from pollen pre¬ 
senters, as in many Protea species (fig. 7.7B). 

Rate, Timing, and Control of Dehiscence 

Timing of male functionality in flowers can be affected 
by two main factors: the elongation and maturation of 
the stamens as a whole, which is usually characteristic 
for a given species and presumably developmentally 
preprogrammed, and also the dehiscence and pollen¬ 
dispensing pattern of the anthers. 

The rate at which dehiscence occurs is highly vari¬ 


able. It can be simultaneous in all the anthers of one 
flower, even to the extent of being explosive, as de¬ 
scribed above. It may even be simultaneous over a 
whole plant, or a whole population of plants—for ex¬ 
ample, in some Acacia species, dehiscence occurred 
within 1-2 hours in all the plants of one species at a 
given locality (Stone et al. 1998, and fig. 7.8). Alterna¬ 
tively it can be sequential between flowers on the same 
plant, or sequential for different anthers within one 
flower; in many hellebore flowers the anthers ripen 
and open one at a time. In some plant families it is 
common for stamens to occur in two or more whorls 
that mature at different rates. For example, a ring of 
five stamens may become erect and dehiscent as the 
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Figure 7.8 (A) Patterns of daily dehiscence through time for five East 
African acacia species. (B) An example of relative humidity effects on 
dehiscence timing, for Acacia zanzibarica from African sites (redrawn 
from Stone et al.1998). 


bud opens, then shrink back against the petals as a fur¬ 
ther ring matures some hours (or even days) later, as 
in some Geraniaceae, including the common cranes- 
bills, and in stitchworts (S tellaria) and some other 
Cary ophy llaceae. 

Further variation comes from the behavior of the 
dehiscence slits on the anther locules. Normally these 
slits open synchronously along their length, with all 
the pollen in that anther becoming available. But in 
some plants (e.g., the rock rose Cistus, a major bee- 
plant in Mediterranean habitats) the slits progressively 
split along their length so that pollen is gradually re¬ 
vealed and dehiscence is effectively staggered within 
one anther (pollen dosing). In a few genera where 
polysporangiate anthers occur (chapter 2), they are 
sectioned internally along their length, with each suc¬ 
cessive section dehiscing separately through its own 
pore; this again gives a useful way to partition pollen 
presentation through time. Such systems make obvi¬ 
ous sense: effective pollen export and seed-siring are 
almost always improved if multiple visitors each re¬ 
move just a portion of any one flower’s pollen (Harder 
and Thomson 1989; LeBuhn and Holsinger 1998), es¬ 
pecially where visitors are messy or wasteful, or are 
groomers who take large amounts of pollen that gets 
packed into scopae and that can never be deposited on 
stigmas. It is also particularly beneficial for flowers 
that occur in inflorescences, where extensive geitonog- 
amous selfing would lead to large amounts of pollen 
being “discounted” for any useful purpose (chapter 3). 
In fact, any system of controlled pollen delivery, such 
as gradual anther opening or triggered release, can im¬ 
prove male function for the plant and may therefore 
be strongly selected for (Harder and Wilson 1994). 
Castellanos et al. (2006) showed a relation of pollen¬ 
dosing strategy to pollinator type by analyzing Penste- 
mon and Keckiella species and found that (after con¬ 
trolling for phylogeny) the hymenopteran-adapted 
species did present pollen more gradually than hum¬ 
mingbird-adapted species (birds being on average less 
common but more efficient at pollen delivery). 

The daily timing of anther opening in most plants 
shows a general correlation with pollinator activity. 
Broadly speaking, and in line with expectations, flow¬ 
ers visited mainly by diurnal bees or butterflies tend to 
dehisce in the early morning, while those pollinated 
mainly by moths or bats tend to dehisce in the later 
afternoon or even after dark. The timing of dehiscence 
can be tight and confined to a very brief temporal 
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window in some species, where relatively specialist 
visitors occur. For example, Alkanna showed very pre¬ 
cise daily dehiscence in the arid wadis of the Sinai, 
with associated tight patterning of visitation by female 
Anthophora bees (Stone et al. 1999). Nansen and Ko- 
rie (2000) showed a close temporal relation between 
the time of honeybee activity and the time of pollen 
release on Cistus salvifolius, with a time lag of just 
28-60 minutes over a 10-day period. There was also a 
good match between the timing of visits, handling 
times, and pollen availability in Solanum flowers for 
three sonicating bee species studied by Shelly and Vil¬ 
lalobos (2000); here, early-morning dehiscence gave a 
high pollen reward in new flowers around 0700-0900h. 
Examples from later in the day have also been report¬ 
ed: in Ludwigia elegans (which is related to evening 
primroses) pollen was not available until late after¬ 
noon, and two dusk-active Brazilian bees ( Tetraglos- 
sitla and Heterosarellus) arrived precisely on cue to 
gather its pollen (Gimenes et al. 1996). The same was 
true for Perdita bees that specialize in collecting pol¬ 
len from Mentzelia, whose anthers open in the late af¬ 
ternoon (Michener 2000). 

But perhaps the clearest evidence comes from Aca¬ 
cia flowers (Stone et al. 1996, 1998). Many species 
that are all very similar in flower morphology co-occur 
in African savanna habitats and have no barriers to het¬ 
erospecific pollen deposition. All of them attract mass 
visitation, since they are almost the only plants in 
flower for parts of the season; and most species have 
no nectar, so that pollen is clearly the visit-structuring 
agent. Flowers generally last only one day, but cru¬ 
cially within that day, different species dehisce at dif¬ 
ferent times at a particular site. Figure 7.8 displays 
data for five species in Tanzania showing that pollen 
availability sharply peaked for any one species. Like¬ 
wise, the visitors (especially Apis and small megachilid 
bees) had peaks of activity on a particular species of 
tree, and within a particular daily “pollen window” 
their visits were all or mainly to one Acacia species; 
hence, by the time an individual bee moved to another 
species it would have deposited and groomed off most 
of its pollen so was fairly free of heterospecific grains. 
Individual bees were clearly tracking pollen availabil¬ 
ity closely, and their daily round of activities was 
largely dictated by the patterns of Acacia dehiscence. 

There is not as yet enough work on what factors 
control dehiscence: to what extent it is preprogrammed, 
is dependent on other changes within a flower, or is 


linked to the environment. Many factors are implicat¬ 
ed, as summarized in table 7.3 (based on Pacini 2000). 
Most of these factors are in part programmed by the 
development of the flower. But in some flowers the 
usual timing of dehiscence can be substantially affect¬ 
ed by the weather; anthers dehisce quicker in dry than 
in humid air, confirming that drying-out processes are 
involved (see above and chapter 2). For many plant 
species the daily cycles of declining relative humidity 
and rising ambient temperature enhance evaporative 
water loss from the locular fluid and accelerate the 
structural changes in plant tissue that lead to dehis¬ 
cence (Pacini 1994, 2000; Keijzer 1999), also allow¬ 
ing the pollen to partially dehydrate just before it is 
dispersed. In the Acacia communities just mentioned, 
which have diurnal species-specific peaks of dehis¬ 
cence, the daily changes in relative humidity acted as 
a specific cue, and anther opening was delayed on 
more humid mornings, albeit to different extents in 
different species (Stone et al. 1998); figure 7.8B shows 
an example of humidity effects on dehiscence timing 
in Acacia species. The effects of weather on timing 
can be striking in other plants: for example, in the 
woodland dog’s mercury ( Mercurialis annua), which 
has an unusually long flowering period, anthers may 
open around noon in February but as early as 0700 in 
July when the temperature is high and the humidity 
low (Lisci et al. 1994). Similarly, with hellebores, 
which were mentioned above for having anthers open¬ 
ing one after another, the number opening on any one 
day is temperature dependent (Vesprini and Pacini 
2005). 

Of course many flowers dehisce in the evening, 
when the humidity is normally increasing. While it is 
possible that the lower humidity through the morning 
could take time to induce sufficient drying for later de¬ 
hiscence, it is more likely that simple abiotic cues are 
not the whole story when it comes to determining the 
timing of dehiscence. Opening at dusk may be the best 
strategy for a plant that is “hedging its bets” on visits 
by several kinds of pollinators; the pollen becomes 
available to crepuscular and nocturnal pollinators, 
usually bats and moths, but many plants will be far 
from depleted overnight, and their remaining pollen 
becomes a major resource for bees through the follow¬ 
ing day. The alternative of opening and dehiscing in 
the morning could induce a surge of bee visits, poten¬ 
tially leaving nothing for nocturnal visitors. For plants 
that have floral morphologies inviting visits from a 
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Table 7.3 

Factors that Affect Anther Dehiscence 


Mechanical 

Number and placement of layers thickened with lignin in walls of locules, causing shape change during 
dehydration, so exerting stress on slit or furrow 

Fusion of the two locules as septum degrades, increasing the volume of the cavity so pollen no longer 
entirely bathed in fluid and can start to dehydrate 

Physiological 

Anther stomata: regulating water loss after flower opening and before anther opening 
Cuticle thickness and permeability in different parts of anther 
Increasing osmotic pressure as starch is hydrolyzed 
Water translocation out of locules 

Biochemical 

Enzymes degrade the septum between the locules 
Calcium oxalate particles help to weaken the septum 

Environmental 

Temperature: incoming radiation affecting anther evaporative losses and accelerating dehiscence 
Humidity: lower relative humidity increasing evaporation and accelerating dehiscence 


Source: Modified from Pacini 2000. 


range of long-tongued animals, then, selection for a 
dusk anthesis and pollen presentation may require the 
uncoupling of any relationship between dehiscence 
and humidity and more dependence on internal cues. 

It is worth mentioning here that pollen exposure by 
anther opening is not always an irreversible event, and 
some plants can effectively re-close their anthers. Val- 
vate stamens, in particular, are often capable of clos¬ 
ing, often with a diel patterning. Or closure may occur 
in response to rain, so that the pollen is not wetted 
(which can irreversibly damage pollen grains and/or 
reduce its adherence to visiting bees [Dafni 1996]) or 
wastefully washed from the flower. Examples of clo¬ 
sure in plants with normal longitudinal dehiscence 
slits are less common, although Mirabilis (Cruden 
1973) and some lilies (Edwards and Jordan 1992) can 
probably do it. 

3. Pollen Packaging 

Usually pollen occurs as individual grains, but in some 
cases it gets packaged into larger units. This most often 
occurs in flowers that are strong nectar providers, where 
nectar is evidently the main reward, or alternatively at 


the other extreme, in those with no nectar reward, 
where pollen is clearly the main offering to visitors. 

Pacini and Franchi (1998) list thirteen pollen ag¬ 
gregation systems, but essentially the phenomenon 
can be achieved in four different ways. 

Inherently Sticky Pollen 

Here, pollen grains have a particularly sticky coating 
that comes from the anther tapetum. One example is 
the pollenkitt that is found in many families, including 
composites and labiates, and another is tryphine, which 
is found in the crucifers. This phenomenon is common 
in many animal-pollinated plants. 

Gluing Processes 

Pollen grains are sometimes bound together with a 
glue that is secreted from some other floral part. This 
method is rather rare and is found mostly in tropical 
plants. A good example occurs in Tylosema (De Frey 
et al. 1992), where more distant parts of the anther se¬ 
crete a sticky mucilage. 
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Tangling 

Rather than being glued, pollen grains can be held to¬ 
gether by threads that enmesh the grains, binding them 
somewhat more loosely than a glue. Commonly the 
threads are viscin or elastoviscin threads that originate 
inside the pollen sacs, but other parts of the anther may 
also produce filaments that trap and entangle pollen 
grains. The system appears to be most frequent where 
the main pollinator is a large and messy feeder, such as 
a bat or bird or large moth; a good example is Helico- 
nia, where pliable, sticky threads entangle pollen 
grains and form them into aggregates that stick readily 
to bird feathers and beaks (Rose and Barthlott 1995). 
Butterfly-pollinated Caesalpinia also have pollen that 
is clumped by viscin and becomes attached to the for¬ 
ager’s wings (Cruden and Hermann-Parker 1979). 
However, pollen tangling also occurs in aquatic angio- 
sperms, where the pollen grains are highly elongate 
and tangle with each other to form floating pollen mats 
(chapter 19). 

A related system has been reported in Montrichar- 
dia (Araceae), where pollen grains explode when wet¬ 
ted, and threads of intine material emerge and entangle 
the grains to improve adherence to shiny-surfaced pol¬ 
linators (Weber and Halbritter 2007). 

Tetrads and Other Polyads 

Yet another system involves the coherence of the pol¬ 
len grains by means of common walls. The basal form 
is the tetrad, where four grains derived from the same 
ancestral cell are loosely held together, due to lipid de¬ 
posits on the pollen wall, or are more tightly linked, 
via exine bridges. Tetrads occur quite frequently in the 
Annonaceae, Winteraceae, Ericaceae, and Asclepia- 
daceae; a common temperate example is Chamerion 
(fireweed, or rosebay willowherb). Sometimes tetrads 
can themselves be additionally aggregated by viscin 
threads, as in many Rhododendron species. 

A smaller range of flowers have composite polyads, 
notably the Orchidaceae, mimosoid Fabaceae, and An¬ 
nonaceae. The clumps of pollen are always in multi¬ 
ples of 4, giving 8, 16, 32, or 64 grains per unit. Poly¬ 
ads are particularly well known in Acacia , a massive 
genus within the Leguminosae. Here the corollas are 
reduced and there is a brush inflorescence of 50-150 
flowers, with large numbers of stamens forming a 


30-80 pm in 


different species 


Acacia polyad 



Figure 7.9 Acacia flowers have cup-like stigmas, each of which can 
accommodate just one of the complex pollen grains (polyads). 

spherical or spicate surface (plates 8A and 20G). Each 
stigma is a cup-like structure (fig. 7.9) into which a 
single polyad fits. This method ensures that all ovules 
in the same ovary have the same father. Kenrick and 
Knox (1982) studied the number of ovules in the ovary 
and of pollen grains in the polyad in 45 Acacia spe¬ 
cies: 40 species with polyads of 16 grains always had 
5-16 ovules per ovary; three species with 8-grain 
polyads had 2-10 ovules; one species with 32-grain 
polyads had 24 ovules, and one with simple tetrads 
had 1-3 ovules. Thus there appears to be good match¬ 
ing, with always more than one (but rarely more than 
two) pollen grains per ovule, perhaps giving the most 
efficient system. Cruden (1977) had proposed that this 
was usually the case with compound pollen grain sys¬ 
tems. However, in various other taxa (Winteraceae, 
Lloyd and Wells 1992; Pyrolaceae, now in the Ericace¬ 
ae, Knudsen and Olesen 1993; Orchidaceae, Neiland 
and Wilcock 1995), the ovule number substantially ex¬ 
ceeds the number of pollen grains. Even in Acacia, 
fruits carrying multiple paternity seeds are not uncom¬ 
mon when traced with molecular marking (Muona et 
al. 1991). 

More complex are the pollinia found in two fami¬ 
lies, the Orchidaceae and the asclepiads within the 
Apocynaceae. In these taxa all of the pollen grains 
from one anther are bound together as a single mass, 
embedded in elastoviscin, and usually separated only 
by the intine walls, with exine confined to the outer 
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surface of the whole pollinium. In orchids the pollinia 
have accessory structures, often including long stalks 
and a sticky area (the viscidium ) used to give adhesion 
to a visitor, and have suitable breakage points built in; 
the whole complex is then more correctly termed a 
pollinarium. Orchid pollinaria are morphologically 
highly diverse (S. Johnson and Edwards 2000), and 
the pollen mass itself may be soft (about 7% of spe¬ 
cies) or hard (80%), or even segmented (11%, in a few 
genera such as Satyrium, where the sections are then 
termed massulae, and a pollinator—often a moth for 
this genus—can deposit pollen on to several succes¬ 
sive floral recipients as the segments break off in turn). 
One orchid pollinium may contain between 5,000 and 
4 million pollen grains (Schill et al. 1992), and a given 
orchid flower generally contains a number of ovules 
roughly similar to the number of grains deposited 
per visit (Neiland and Wilcock 1995; Nazarov and 
Gerlach 1997). 

Orchid pollinia are normally held dorsally on the 
flower in a small hood on top of the column formed 
from a single stamen (chapter 2). From here a pollini¬ 
um will usually get placed onto the tongue, the dorsal 
surface of the head, or the back of an animal visitor, 
depending on visitor behavior. The pollinium is then 
carried around and is resistant to grooming, the vis¬ 
cidium glue having set so that it resists normal scrap¬ 
ing. During this phase the pollinarium stalk often 
bends progressively with a time course of a few sec¬ 
onds to several hours (S. Johnson and Edwards 2000) 
so that the pollen mass ends up correctly oriented to 
meet the stigma on another flower. The pollinarium 
can then be picked up at the next visit made by its car¬ 
rier to a new flower, often being inserted into a specifi¬ 
cally shaped slit on the stigma so that force is exerted 
to pull it off the moving animal. In some orchid spe¬ 
cies the pollinia can be as big as an insect’s head, and 
if placed on the dorsal thorax it may impede full wing- 
movement. 

In the asclepiads there are diad pollinaria, the prod¬ 
ucts of two anthers that fuse at their tips due to a sticky 
glandular secretion. Such flowers tend to be complex, 
with hairs or coronal structures that guide visitors past 
the pollinaria (Kunze 1991). In some asclepiads the 
pollinaria are glued to the feet of the visitor (often a 
butterfly or moth, sometimes a bee) and then come off 
when it alights on a new flower; for example, in A. 
curassavica there is a slippery surface at the landing 
point and a visiting butterfly slides down, its feet 


touching against the stigmatic slit as it regains its bal¬ 
ance. Morse (1981a) reported bumblebee feet so laden 
with asclepiad pollinaria that their foraging efficiency 
markedly declined. In other asclepiads it is the tongue 
rather than the feet that transfer pollinaria; for exam¬ 
ple, Metaplexis pollinaria clip on to the tips of the 
tongues of various moths, being pulled out of the flow¬ 
ers along a “guide rail” (formed by an anther slit) as 
the moth feeds on nectar (Suguira and Yamazaki 2005). 
Stigmatic surfaces in asclepiads are nearly always on 
the underside of the style, and various devices serve to 
fix the pollinaria in the right place (Kunze 1991). But 
despite these specialized strategies to ensure correct 
pollinaria receipt, seed set in asclepiads is notoriously 
low, often l%-5% (Wyatt and Broyles 1994). 

Why do plants bother with polyads or pollinia? Ag¬ 
gregated pollen has arisen independently at least 39 
times, but the adaptive benefits have rarely been ex¬ 
plored (Harder and Johnson 2008). A major cost is that 
transfer is quite tricky and often fails. But the pollen is 
very efficiently removed from an anther, with minimal 
pollen wastage in transit, and there will potentially be 
highly efficient deposition on a conspecific stigma. 
Hence, when the system works properly, several thou¬ 
sand or tens of thousands of pollen grains are trans¬ 
ferred in one visit; and the species that use it tend to 
have thousands of ovules in the ovary. In fact, the 
number of ovules is usually lower than the number of 
incoming grains per pollen package, thus allowing 
gamete competition (Pacini and Franchi 1999). 

Orchids, in which pollinia are best studied, tend to 
be minority flowers in any given habitat, and it could 
be difficult to produce enough of the usual type of pol¬ 
len to distribute it onto enough shared pollinators to 
ensure effective cross-pollination. So it may be a bet¬ 
ter strategy to concentrate on rare pollinators and de¬ 
velop specific relationships with them. In that situation 
a reliable pollen dispensing and attachment system is 
favored, with unusually durable long-lasting pollen 
that cannot readily be eaten or discarded. Hence 
pollinia are an ideal solution. Harder (2000) found that 
whereas only 1% of typical pollens reached conspe¬ 
cific stigmas due to high removal and transport losses, 
for orchid pollinia removal failure was high (about 
50%), but around 8% of the pollinia did eventually 
reach a stigma. 

But flowers with pollinia cannot have pollen as 
their main food reward, because they would lose all 
their reproductive potential when visited. Asclepiads 
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use profuse nectar as a reward instead; orchids some¬ 
times offer nectar, and sometimes offer scents to spe¬ 
cialist bees (chapter 9), but a great many use deceit 
tactics in the form of pseudocopulation (chapter 23), 
leading Harder and Johnson (2008) to speculate that 
there is an explanatory link between pollen aggrega¬ 
tion and deceit pollination. 

4. Pollen Gathering by Animals 

Passive Gathering 

It is generally assumed that most pollen is transferred 
entirely passively onto a visiting animal’s body when 
physical contact is made. Pollen grains adhere to the 
surfaces of flower visitors because of their inherently 
sticky properties (pollenkitt, tryphine, viscin threads). 
Their adhesion is often enhanced by the characteristics 
of the animal’s surfaces: branched hairs for bees, 
scaled surfaces for lepidopterans, fur or feathers in 
vertebrates. Pollen acquired in this passive fashion 
may then be groomed off, either because it becomes a 
nuisance, is to be eaten immediately (in syrphid flies, 
masarine wasps), or is to be transferred to a storage 
site (in bees: initially either the crop or a specific sco- 
pa on legs, thorax, or ventral abdomen, and then even¬ 
tually the nest). The grooming step can be a substantial 
and time-consuming process, contributing markedly 
to the overall cost-benefit analysis of flower feeding. 

There are some indications that what is termed pas¬ 
sive gathering can be augmented by electrostatic at¬ 
traction between pollen grains and animals’ bodies 
(Corbet et al. 1982; Erickson and Buchmann 1983; 
Vaknin et al. 2000, 2001; Armbruster 2001). Plants are 
inherently slightly negatively charged in warm still air, 
the magnitude of the charge field depending on the 
plant’s composition and architecture and on weather 
conditions. Charge is greater at sharp tips, and there¬ 
fore often higher in flowers than elsewhere (Dai and 
Law 1995). Hence it is possible that pollen grains 
would acquire negative charges within the flower. In 
contrast, insects, and especially hairy bees, tend to ac¬ 
quire a positive surface charge as they fly (Erickson 
1975; Erickson and Buchmann 1983; Gan-Mor et al. 
1995). This charge difference might aid the transfer of 
pollen onto visiting insects; even without direct con¬ 
tact, pollen grains could be attracted onto a close-up 
bee. Pollen might also be unloaded from bees onto dry 


stigmas in reverse fashion (Woittiez and Willemse 
1979), especially where stigmas protrude from flowers 
and provide foci for charge accumulation (Corbet et al. 
1982; Bechar et al. 1999). Small electrostatic charges 
could also lead a visiting insect to leave an electrical 
“footprint” on flowers, detectable to subsequent visi¬ 
tors for at least several minutes and thus potentially 
allowing avoidance of recently depleted flowers. 

Direct evidence for electrostatic involvement in 
pollen pick-up and deposition remains somewhat 
sparse (reviewed by Vaknin et al. 2000), and measure¬ 
ments of the required charges and distances involved 
are still equivocal (Dai and Law 1995, Gan-Mor et al. 
1995), but some careful modeling has indicated that 
charges of the right order do result in increased depo¬ 
sition of pollen grains onto stigmas, and the theory is 
intriguing and worthy of more thorough investigation. 
There are already some indications that the use of 
electrostatically charged pollen can improve fruit set 
in commercial pollination applications (chapter 28). 

Active Targeted Gathering 

Rather few kinds of pollinators eat pollen and so gath¬ 
er it “deliberately,” but those that do are important and 
numerically dominant kinds. Syrphids may eat pollen 
directly from the anthers. A few bees (very young 
adults in many taxa, and a few genera of primitive 
bees throughout their foraging lives) also gather pol¬ 
len directly with their mouthparts, eating some im¬ 
mediately and carrying the rest back to the nest in 
their crop. In such cases only the pollen that is acci¬ 
dentally scattered during consumption (or that pas¬ 
sively adheres to other parts of the insect) is of any 
use for pollinating. 

Most bees normally do not eat pollen at the flower 
but instead collect it—with their legs and mouthparts, 
by rubbing the ventral body surface across a flower, or 
by using various comblike or rake-like structures 
(chapter 18). In these cases, the pollen is then packed 
away on or into specific collecting areas, often with 
the addition of some moistening nectar. Hence there 
may be substantial interruptions to foraging while a 
bee lands, grooms, and packages its pollen, although 
more advanced bees require only a brief hover 
between flower probings to achieve grooming and 
packaging. 

Although active pollen gathering may be highly 
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Figure 7.10 Principles of passive versus ac¬ 
tive pollen gathering (see also fig. 3.4). 


beneficial to a flower-visiting animal, there are prob¬ 
lems from the plant’s point of view: 

1. Much of the pollen is sequestered into sites on the 
visitor where it becomes useless and will never 
contact a stigma. Therefore, selection on the plant 
might act to place as much pollen as possible in 
sites on the visitor that are hard to groom, exam¬ 
ples being the mid-dorsum, or the extreme front of 
the thorax and “neck.” With suitable arrangement 
of floral parts, there is then a good chance that an¬ 
other conspecific flower will receive some pollen 
from this same site. 

2. Many Hymenoptera (especially ants) have meta- 
pleural glands, which secrete small quantities of 
compounds that protect their nests against fungal 
and bacterial growth but that can also kill pollen 
(Beattie et al. 1985; F. Harris and Beattie 1991; 
chapter 24). 

3. When saliva and nectar are added to the pollen 
gathered by bees, the pollen may suffer biochemi¬ 
cal change, with sugars being inverted and the pol¬ 
len’s water balance being disrupted, since bees do 
not “want” the pollen to germinate once deposited 
in the nest cell. 


For such reasons, usually the longer pollen adheres to 
a visitor the more its viability is compromised (Stanley 
and Linskens 1974). However, orchid pollinia may be 
exempt from this (Nilsson 1992) because they are de¬ 
posited rather than gathered and usually adhere to their 
pollen vector on a short stalk, keeping the grains away 
from damaging secretions. 

Figure 7.10 summarizes the benefits of passive and 
active pollen gathering and shows how pollen is there¬ 
by separated into “compartments” with different val¬ 
ues to flower and to visitor. From the plant’s point of 
view, those visitors who gather pollen passively are 
generally more useful. Grains moved into the scopa by 
a targeted feeder are normally no longer useful for pol¬ 
lination, being in the wrong place and rapidly rendered 
nonviable anyway; only the pollen that gets missed 
during grooming is of use to the plant. The plant there¬ 
fore benefits more from a visitor that is “messy” and 
cleans itself only occasionally. Fortunately, complete¬ 
ly efficient grooming is almost impossible; one honey¬ 
bee can carry up to 20 mg of pollen in its scopa but 
will always have some left on its body hairs no matter 
how long it grooms itself. 

There is one other type of active targeted gathering: 
the pollen collecting by fig wasps and by yucca moths, 
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whereby pollen is gathered in the mouthparts or in spe¬ 
cific pouches on the body and then “deliberately” de¬ 
posited onto a stigma (active pollination, chapter 26). 
Active gathering is clearly of direct benefit to the plant, 
although this has to be offset against losses of ovules 
to the feeding activities of the visitors’ offspring. 

Gathering by Sonication: Buzz Pollination 

The special system of buzz pollination is used almost 
exclusively by bees and can greatly increase their for¬ 
aging efficiency. It is probably a relatively ancient phe¬ 
nomenon in angiosperms (Proenga 1992), and Buch- 
mann’s (1983) analyses showed how widespread it now 
is in taxonomic terms, with 6%-8% of all angiosperms 
(15-20,000 species) being “buzzed” during pollina¬ 
tion. It occurs in at least 72 families of plants, being 
particularly common biogeographically in Australia 
and taxonomically in various families allied to the lil¬ 
ies; table 7.4 shows examples. Many of these are 
nectarless plants, with pollen as the only reward (see 
section 8, Pollen-Only Flowers). In colder climates it 
is often the summer-flowering species that are nectar¬ 
less and buzz pollinated, with earlier spring congeners 
offering nectar and showing the usual type of pollen 
presentation (e.g., Pedicularis, Macior 1983). 

Buzz pollination, or sonication, is particularly found 
in small- to medium-sized flowers, mostly radial or 
only slightly bilateral, often pendant in habit, com¬ 
monly blue, purple, pink, or white in color, and often 
with contrasting bright yellow anthers (plate 17). The 
flowers commonly open and dehisce in the early morn¬ 
ing and are relatively short-lived. All these features 
could be said to be typical of bee flowers (chapter 18). 
Crucially, though, buzz pollination is almost always 
associated with anthers that have a pore at the tip or 
side (porose or poricidal anthers), rather than dehisc¬ 
ing lengthwise, so that pollen can only emerge from a 
small exit. The anthers come in a great variety of 
shapes, often unusually long with elaborate tips (which 
may influence pollen dispersal speeds and directions; 
Marazzi et al. 2007), but they all show this unusual 
feature of a single or double pore or short slit, some¬ 
times partly covered with a lip or valve (fig. 7.11). Fur¬ 
thermore, a high proportion of buzzed flowers have a 
central cone of tissue (the hypanthial cup) comprising 
several such anthers fused together with the central 
style (Buchmann 1983; Harder and Barclay 1994). 


During sonication, a visiting bee grasps this central 
cone with its legs or mouthparts and vibrates her body, 
using the indirect thoracic wing muscles acting simul¬ 
taneously and antagonistically but in a partially un¬ 
coupled state and producing an audible buzz. The re¬ 
sulting vibration may be sufficiently fierce that the bee 
has to grip hard with her mandibles to avoid being 
shaken off the flower, which leaves visible wounds on 
the anther cone. The number of marks on this cone is a 
good indication of how effective pollination has been, 
and in tomato greenhouses this “bee kiss” is a useful 
sign to commercial growers (Buchmann and Nabhan 
1996). 

In just a few unusual cases, the anthers are hidden 
within the corolla and not even accessible to a bee. In 
Conostephium, bees such as Leioproctus grasp the top 
of the corolla tube, and their vibration is transmitted to 
anthers via the stiff filaments (T. Houston and Ladd 
2002). This example is also unusual in that the anthers 
are not porose, opening progressively via a longitudi¬ 
nal slit. 

Pollen in buzz-pollinated flowers is usually only 
30-50 pm in diameter (as little as 13-18 pm in Sola¬ 
rium species), and bee species that use sonication ex¬ 
tensively tend to have scopae with short, fine hairs 
spaced about 10-20 pm apart (Buchmann 1983). The 
pollen is generally very dry and powdery rather than 
sticky, with reduced pollenkitt but high lipid and low 
starch content. The grains may have less sculpted sur¬ 
faces than the pollen of nonsonicated plants (e.g., Bu¬ 
chmann 1983), although though this may be con¬ 
founded by phylogenetic effects. 

When a porose anther is shaken at an appropriate 
frequency by a visiting bee, pollen emerges from the 
pore in puffs so that it is dusted over the animal’s body. 
In Dodecatheon tested with different frequencies, 
Harder and Barclay (1994) found optimal pollen re¬ 
moval at 450-1000 Hz, suggesting that the system is 
tuned to a higher frequency than a bee can normally 
produce, which may help to limit the pollen taken 
on any one visit. Sonication at up to 400 Hz for one 
second would release about 10% of the pollen to a 
visitor. 

Once again, pollen gathering may perhaps be aided 
by electrostatic effects; Buchmann and Hurley (1978) 
suggested that electrostatic attraction from pollen to 
bee (and then from a bee to a dryish stigma) was par¬ 
ticularly likely in buzz-pollinated flowers such as Cas¬ 
sia or Dodecatheon, where the pollen grains are small 


Table 7.4 

Typical Buzz-Pollinated Flowers 


Family 

Genus 

Common name 

Geographical occurrence 

Reference 

Boraginaceae 

Borago 

Borage 

Europe 


Solanaceae 

Solanum 

Bittersweet 

Widely distributed 

Buchmann 1983 


Lycopersicon 

Tomato 

S America 


Primulaceae 

Dodecatheon 

Shooting star 

North America 

Flarder and Barclay 1994 


Cyclamen 

Cyclamen 

Europe 



Ardisia 

Coralberry 

Widely distributed 



Lysimachia 

Loosestrife 

Widely distributed 


Liliaceae 

Dianella 

Flax lily 

Australia 


Amaryllidaceae 

Gala nth us 

Snowdrop 

Widely distributed 



Leucojum 

Snowflake 

Central Europe 


Papaveraceae 

Papaver 

Poppy 

North temperate 


Cesneriaceae 

Ramonda 

Phoenix flower 

Southern Europe 


Ericaceae 

Myrtaceae 

Vaccinium 

Cranberry 

North American species 

Proen^a 1992 

Fabaceae 

Cassia 

Senna 

Widely distributed 

Cottsberger and Silberbauer-Gottsberger 1988 


Lupinus 

Lupin 

Widely distributed 

Harder 1990a 


Chamaechrista 

Partridge pea 

Eastern USA 

Neff and Simpson 1988 

Scrophulariaceae 

Pedicuiaris 

Lousewort 

Widely distributed 

Macior 1983 


Actinidia 

Chinese gooseberry 

Eastern Asia 


Dilleniaceae 

Hibbertia 

Schumacheria 

Guinea flower 

Australasia, Madagascar 

Bernhardt 1984, 1986 

Epacridaceae 

Conostephium 

Pearl flower 

Australia 

Houston and Ladd 2002 

Melastomataceae 

Rhexia 

Meadow beauty 

N America 

Larson and Barrett 1999 
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Figure 7.11 Examples of structures of poricidal anthers, 
in flowers that are "buzzed/' from five different families. 
Usually one to two pores or slits are present, often partly 
covered. (Redrawn from Buchmann 1983.) 




and dry. Buchmann (1983) pointed out that since many 
sonicated flowers are pendant, most of the pollen 
(probably far more than is observed) would be lost to 
gravity after buzzing unless it were electrostatically at¬ 
tracted to the bee’s surface. 

Buzz pollination is highly suited to bees, since they 
have well-developed abilities to vibrate their indirect 
wing muscles without flight for thermoregulatory rea¬ 
sons (chapters 10 and 18). King and Buchmann (2003) 
showed that for Bombus and Xylocopa the vibration 
seen on flowers occurred with a lower thoracic dis¬ 
placement but a higher frequency than that used in 
flight (and often at the second harmonic of the flight 
frequency). The frequency used by bumblebees can be 
varied within a species according to the flower being 
visited and can also vary between Bombus species for¬ 
aging on a common flower (King 1993). In some an- 
drenids the frequency changes as a bee works steadily 
up the cone-like anthers (this has been termed buzz¬ 
milking-, Cane and Buchmann 1989). Buzzing behav¬ 
ior may also change through the course of a day as 
pollen supplies alter (King and Buchmann 1996). 
Bumblebees that are active soon after dawn may buzz 
for less than a second at one flower, but the buzz peri¬ 
ods lengthen to 5-10 seconds later in the morning, 
sometimes with multiple buzzes on each flower, and 


the bees work many more flowers to get a full load. In 
afternoon visits each bee may buzz one flower many 
times, often rotating around the anthers or the cone of 
anthers as she does so. Presumably the tendency of 
buzzed flowers to have quite large and plump-looking 
yellow anthers that do not shrivel as they gradually 
empty helps to keep bees coming even when the pollen 
is almost all gone. (This trait may explain the preva¬ 
lence in Australia of orchids such as Caladenia or The- 
lymitra that appear to mimic buzz-pollinated flowers 
with unusually plump attractive anthers, although they 
cannot themselves be buzzed). Most sonicating bees 
must, of course, interrupt their foraging occasionally 
to make nectar-gathering trips, and the frequency of 
these may also vary through the day in relation to the 
weather and to the filled status of cells within an indi¬ 
vidual bee’s nest. 

Vibratory buzzing is often performed by bees on 
some flowers that are not especially adapted for soni- 
cation, especially a range of rosaceous plants includ¬ 
ing wild roses and some ericaceous species. Buzzing 
presumably facilitates pollen dislodgement even from 
those anthers and can therefore allow very fast work¬ 
ing of the flowers. For example, on Potentilla erecta, 
which has normal anthers, Bombus commonly pro¬ 
duced buzzing visits and worked more than 30 flowers 
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per minute, while Apis (which cannot buzz—see be¬ 
low) only visited 11-12 flowers per minute with a 
similar net pollen gain per flower (Buchmann 1985). 

But buzz pollination poses a problem, because one 
visitor could potentially take nearly all the pollen from 
one flower as food and transfer very little. Hence a 
fairly high proportion of sonication-adapted flowers 
find ways around this via heteranthy (chapter 2), pre¬ 
senting dimorphic pollen through a functional division 
of labor between feeding anthers and fertilizing an¬ 
thers (as originally proposed by Darwin). The best- 
studied example is Cassia (fig. 2.5 and plate 12D), 
which has showy, protruding anthers that are buzzed to 
yield food pollen and also has dorsal, cryptic anthers 
in which the functional, fertile pollen is. The fertile 
anthers release small amounts of pollen precisely onto 
the visitor in a safe (ungroomed) site while the visiting 
bee is feeding (van der Pijl 1954). Similar situations 
are common in the family Melastomaceae, where co¬ 
rollas and ventral pollination anthers are generally 
pink/purple whereas the dorsal feeding anthers are 
bright yellow; bee visitors partly support their weight 
on the pollination anthers while sonicating the upper 
anthers and become covered in fertile pollen released 
by the bodily vibrations. In Melastoma malabathri- 
cum, Luo et al. (2008) found that although all ten of 
the dimorphic stamens were buzzed simultaneously, 
pollen from the fertile, purple set was far more likely 
to land on stigmas than pollen from the yellow feeding 
anthers, again because large proportions of the fertile 
pollen are deposited in ungroomable areas. The same 
was shown for Solarium rostratum flowers, where 
bumblebees preferred to manipulate the feeding an¬ 
thers, but more pollen was exported from the pollina¬ 
tion anthers (Vallejo-Marin et al. 2009). 

Bumblebees are the best-known sonicators, but ex¬ 
amples are now known among other bees—andrenids, 
halictids (Shelly and Villalobos 2000), stenotritids, 
megachilids (Neff and Simpson 1988), anthophorines 
(Batra 1994; Stone et al. 1999), and euglossines. How¬ 
ever, sonication is not available to all bees, and the 
necessary higher frequencies conspicuously do not 
occur for Apis (King and Buchmann 2003), which 
cannot dislodge pollen in buzz-pollinated flowers. 
This may be critical in considering just how effective 
introduced honeybees are as pollinators (chapters 28 
and 29). 

Finally, although buzz pollination is almost entirely 
restricted to bees, it is not quite exclusive to them. A 


syrphid, Volucella mexicana, can do it, this hoverfly 
being a good visual mimic of small Xylocopa bees that 
themselves sonicate Solatium flowers (Buchmann 
1983). The fly visits hundreds of Solarium in turn, 
grasping and vibrating the anthers just like a bee. King 
and Buchmann (2003) also recorded sonication in Eri- 
stalis, another bee-mimicking hoverfly (plate 23A). 

The Energetics of Gathering Pollen 

Passive gatherers of pollen incur few costs unless the 
grains deposited on their bodies become so abundant 
as to interfere with their normal behavior and necessi¬ 
tate grooming. However, animals that gather pollen by 
sonication, and those that gather it for consumption 
(by themselves or by their offspring), must forage ac¬ 
cording to some balance of benefits and costs, the costs 
being measured either in time spent or in energy used 
(Petanidou and Vokou 1990). Pollen feeders generally 
seem to forage to maximize their gross efficiency, that 
is, the ratio of benefits gained to energy used, with lit¬ 
tle influence from time considerations (whereas time 
constraints are often very critical to nectar-feeders; 
chapter 8). 

A. Muller et al. (2006) estimated that bees gain 
only about 40% of the pollen in a flower on average, 
and that solitary bees need to visit a very large number 
of flowers to gather enough pollen to raise one off¬ 
spring (values ranging from around 20 to over 2,500 
flowers, depending on the bee and the plant). The en¬ 
ergy expended in this activity must usually be offset 
by gains from nectar, either from the same plants 
or (less often for solitary bees) from other species 
visited. 


Pollen Transfer 

Individual flower visitors to postdehiscent flowers nor¬ 
mally carry away large numbers of pollen grains, and 
they transfer a proportion of these to multiple floral 
recipients, since each recipient stigma will receive 
only a fraction of the pollen being carried by the visi¬ 
tor. Usually each successive stigma receives progres¬ 
sively less pollen from a given donor, the amount de¬ 
caying very quickly for the first few visits and then 
somewhat more slowly (the process of pollen carry¬ 
over; chapter 3 and fig. 3.6). The rate of decay of car- 
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ryover varies according to the various sites onto which 
pollen is deposited from the donor flower, and the sites 
(with or without redistribution by grooming) from 
which it can be donated to recipients. 

Plants have significant control over their own pat¬ 
terns of pollen transfer. There should usually be selec¬ 
tion for strategies that counter any visitor’s tendency 
to take too much pollen at a single visit, especially in 
relation to bee visitors (Westerkamp 1996, 1997a,b), 
where most of that pollen will become food for larvae. 
Plants can control the availability of pollen to some 
extent (Harder and Thomson 1989) by 

1. managing the packaging and delivery systems 
(the dehiscence processes) in time and space, as de¬ 
scribed above and also mentioned in chapter 2 for par¬ 
ticular groups, and 

2. controlling the collection system (the deposition 
of pollen onto visitors) by manipulating the behavior 
of their visitors. This may be most obviously achieved 
via flower morphology, which can govern the spatial 
interaction of visitor and anthers. But it can also be 
influenced by offering other rewards, so that nectar 
production (chapter 8) can be strongly tied to dispens¬ 
ing and controlling pollen. Nectar volume and concen¬ 
tration both positively affect visit duration (longer vis¬ 
its generally being linked to greater pollen pick-up) 
and also influence the numbers of visits per inflores¬ 
cence or per plant (which will in turn affect delivery of 
cross-pollen). Furthermore, because nectar tends to 
accumulate in unvisited flowers through time, individ¬ 
ual visitors will usually remove more pollen per flower 
when pollinators are rare, and less pollen when they 
are common and very active (because they will then be 
depleting flowers more regularly and keeping the 
standing crop of nectar lower). Pollen transfer can 
thus differ markedly even between populations of the 
same plant in relation to pollinator abundance and the 
interactions of pollen and nectar. 


Pollen Rejection 

The phenomenon of pollen rejection is not very often 
reported, but it does occur. In the Malvaceae, pollen 
rejection is well known in cotton (chapter 30) and also 
occurs in Callirhoe and Kallstroemia (Estes et al. 
1983). It has also been documented in Pcissiflora by 


Corbet and Willmer (1981), who speculated that for a 
plant to make its pollen repellent would be a useful 
way of reducing pollen wastage. Given the increasing 
evidence for scent-based repellence in flowers, and 
more specifically in pollen (chapter 6), this is a subject 
that deserves greater attention. 


5. Pollen as Food 


Pollen Composition 

Pollen analysis requires rather large volumes of mate¬ 
rial, so that its composition has mainly been deter¬ 
mined from anemophilous species, such as pine or 
oak, or using pollen pellets recovered from honeybees 
(which are probably contaminated by sugary addi¬ 
tions). The available data are therefore derived from 
rather biased and imperfect samples. Hence, the com¬ 
monly reported values, which have been repeated 
across the literature (Stanley and Linskens 1974; Colin 
and Jones 1980), are open to question (Solberg and 
Remedios 1980; Roulston and Cane 2000). The best 
data come from the painstaking hand-collection of 
samples, although even here the results obtained are 
dependent on the methodology. The more reliable up¬ 
dated values from Roulston and Cane (2000), Roul¬ 
ston and Buchmann (2000), and Roulston et al. (2000) 
are as follows: 


Protein 2.5%—61 % 


Starch 


0 %- 22 % 


Lipid 1%—18% 

Energy 16-28 J g' 1 


lowest in anemophilous species, 
highest in buzz-pollinated spe¬ 
cies; but effects of phylogeny 
are overriding 

highest in anemophilous species, 
many others <1%; but no signif¬ 
icant effects after correcting for 
phylogeny 

no patterns observable 

no patterns related to pollination 
mode observable. 


These data suggest that there is very little selective ef¬ 
fect of the pollination system on pollen nutrition, and 
the authors found no links between pollen content and 
pollination syndromes; in particular, the needs of the 
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growing pollen tube are probably more important in 
determining pollen protein. 

Pollen also contains useful amounts of phosphorus 
and other minerals and has a higher content of water- 
soluble vitamins and of sterols (up to 1%) than other 
plant materials. It has a lower water content than most 
leaves and fruits, although this is highly variable, from 
5%-50% at different ages but generally falling below 
20% at dehiscence (in all except grass pollens, which 
can remain close to 50% water). Pollen therefore pro¬ 
vides a reasonably balanced diet for animals, at least 
when compared with most other plant tissues (fig. 
7.12). It is routinely eaten by some beetles, thrips and 
springtails, a few nonspecialist flies and many hover- 
flies, a few butterflies, some flower-visiting birds and 
mammals, one sphecid wasp and the masarid wasps, 
and by virtually all bees. 

Pollen Digestion 

The outer exine layer of a pollen grain is totally indi¬ 
gestible for almost all animals (McLellan 1977) and is 
therefore discarded with the feces (incidentally mak¬ 


Figure 7.12 Pollen nutritional value compared with that 
of other plant tissues and with animal flesh; for nitro¬ 
gen content (directly linked with protein), pollen can 
be 0.5%-12.5% dry weight, higher than for other plant 
parts and overlapping with the range in animals. (Mod¬ 
ified from Strong et al. 1984.) 


ing pollen a useful tool for palynologists deciphering 
fossil deposits, since exine features persist intact for 
millions of years). The intine layer, being mainly cel¬ 
lulose and pectin, is also hard to digest and relatively 
slow to decay. However, pollen grains if they are to 
have any food value must be split open by animals. 
There is little evidence for mechanical splitting by 
mouthparts in most animals that utilize pollen in the 
diet, with the possible exception of some beetles 
(Samuelson 1994), a few ceratopogonid midges (de 
Meillon and Wirth 1989), and thrips that do pierce pol¬ 
len grains and suck out the contents (Kirk 1984). For 
most other feeders, pollen grains enter the digestive 
tract intact, and the gut must be either inducing the 
pollen to germinate or burst it (perhaps with osmotic 
shock) or penetrating it with digestive enzymes, these 
three alternatives being difficult to distinguish in prac¬ 
tice (Roulston and Cane 2000). Germination, or more 
aptly “pseudo-germination,” is quite plausible, since 
this happens fairly readily when pollen is kept in 
slightly acidic fluids containing sugars; and there 
are observations of cytoplasm extruding through 
pollen grain apertures in hoverfly midguts (Haslett 
1983) and in honey possum stomachs (Turner 1984). 
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Table 7.5 

Percentages of Pollen Grains Emptied in the Guts of Various Pollen Feeders 


Taxon 

Examples 

% empty grains 

Pollen type 

Reference 

Mammals 

Rodents 

50-83 

Protea 

Van Tets 1997 


Bats 

47-86* 

Cacti 

L. Herrera and del Rio 1998 



27-82* 

Pseudobombax 

L. Herrera and del Rio 1998 



53-57 

Banksia, Callistemon 

Law 1992 


Marsupials 

60-78 

Banksia 

Turner 1984 

Birds 

Passerines 

~40 

Banksia 

Wooller et al. 1988 



0-18 

Eucalyptus, Zauschneria 

Brice et al. 1989 



>90 

Opuntia 

B. Grant 1996 

Bees 

Apis mellifera 

50-98 

Castanea, Trifolium 

Crailsheim et al. 1992 



(decreasing with age) 




*Large variation because three different species of bat were assessed. 


However, germination may well be supplemented—or 
replaced—by osmotic shocks occurring as the pollen 
moves into different gut areas with varying fluid con¬ 
centrations (Dobson and Peng 1997; Roulston and 
Cane 2000). Whatever the mechanisms, and they may 
differ between taxa, the exine and intine are somehow 
split usually at the grain apertures, and the internal cy¬ 
toplasm contents can be then be used as nutrition. 

But the exine may make up at least 30% of pollen 
volume, and this value is even higher for smaller 
grains, so it follows that larger grains will be “better” 
food because a higher proportion of their volume will 
be nonexine. Larger grains (>80 pm) may also have a 
higher lipid content than small grains (Endress 1994). 
However, with up to 50% of each grain’s volume being 
useless, pollen is hardly the “ideal” food, as sometimes 
portrayed, and very few animals rely totally on it. In 
fact only bees, most syrphid flies, and the uncommon 
masarine wasps get their protein solely from pollen. 
Not surprisingly, bees are also particularly efficient in 
the percentage of pollen grains that are emptied in the 
course of gut transit (table 7.5), and they are particu¬ 
larly efficient at assimilating protein from pollen, with 
recorded values of 77%-83% usage (J. Schmidt and 
Buchmann 1985); this is much higher than other inver¬ 
tebrates achieve, although it is almost matched by the 
assimilation efficiencies recorded for some pollen¬ 
feeding bats (Law 1992) and marsupials (Turner 1984; 
A. A. Smith and Green 1987) and even for a flower- 
visiting Galapagos finch (B. Grant 1996). 


Adaptive Features? 

Roulston and Cane (2000), in common with earlier au¬ 
thors, concluded that there was no good evidence for 
specifically adaptive relations between pollen food 
value and the type of pollinator; and there was equally 
little or no evidence that flower visitors could assess or 
respond to the pollen’s nutritional quality except per¬ 
haps in the crude sense of grain size. 

In search of possible adaptive nutritional features, 
the focus has inevitably been on bees, whose main di¬ 
etary input is pollen. Franchi et al. (1996) presented 
evidence that bees preferentially took pollens with low 
or negligible starch content, selecting floral species in 
which the stored starch had already been hydrolyzed 
to sugars; but this apparent preference may just reflect 
pollen longevity (see section 7, The Longevity and Vi¬ 
ability of Pollen, below). There is only limited evi¬ 
dence in the older literature that bees can, or do delib¬ 
erately, select more protein-rich pollens (Schmidt and 
Johnson 1984; van der Moezel et al. 1987). For ex¬ 
ample, honeybees with artificially reduced pollen 
quality in their hives could not make a switch to gath¬ 
ering more protein-rich pollens (Pernal and Currie 
2001). However, S. Cook et al. (2003) showed that 
Apis preferentially took higher protein pollens when 
given artificial choices, and Robertson et al. (1999) re¬ 
corded Bombus as choosing between patches of Mimu- 
lus flowers on the basis of pollen protein quality. Han¬ 
ley et al. (2008) reported that in British herbaceous 
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plants, the obligate insect-pollinated flowers, and es¬ 
pecially bumblebee flowers, had a significantly higher 
pollen protein content; curiously, they found no rela¬ 
tion between protein content and grain size, although 
their samples did not include the very large or very 
small pollens. 

Bee growth and performance are certainly affected 
by the quality of their pollen diet, however. For Osmia 
eggs grown on ten different pollen types, only those 
pollens richest in protein supported development 
through to adulthood (M. Levin and Haydak 1957). 
Likewise, for bumblebees growth was faster on higher- 
protein pollens (Regali and Rasmont 1995), while for 
honeybees, longevity increased with pollen protein 
content (Schmidt et al. 1987). There is also evidence 
that bees may produce smaller offspring when feeding 
on protein-poor pollen (Roulston and Cane 2000). 

Aside from bees, some cases are known where pol¬ 
len content appears to be specifically coadapted with a 
particular pollinator. Most strikingly, there can be very 
different overall protein contents within genera that 
have different vectors for different species. For exam¬ 
ple, in the genus Agave, A. americana (pollinated noc- 
turnally by bats) has 43% protein in pollen, whereas A. 
schottiana and A. parviflorum (both insect pollinated) 
have 8% and 10% protein, respectively. Taking this a 
stage further, in the bat-pollinated saguaro cactus 
(■Carnegiea ), protein is abundant in the pollen and is 
particularly rich in the two amino acids tyrosine and 
proline (Howell 1974). Bats not only have high energy 
demands per se (chapter 10) but also need unusually 
large amounts of tyrosine to make the collagen that 
forms their wing membranes (collagen is 80% tyrosine 
repeats), and proline is an important component of bat 
milk. At first sight, this observation indicates adaptive 
nutrition provided by pollen. However, proline has im¬ 
portant functions for the plant too, being crucial in 
cell-wall formation during pollen tube growth; thus 
high proline and high overall protein levels are needed 
in larger flowers with longer styles, and for this reason 
alone these features can seem (spuriously) to be asso¬ 
ciated with large bat-pollinated flowers. In fact, some 
anemophilous pollens such as Zea, which have partic¬ 
ularly rapid pollen tube growth, are substantially richer 
in proline than any of the Agave pollens (Solberg and 
Remedios 1980). 

Does pollen ever have specific nutritional attrac- 
tants for specific visitors? Although early examples 
have been discounted, the answer may still be yes; 


there is some evidence that bees like particular fatty 
acids found in some pollens (C.Y. Hopkins et al. 1969), 
some having an antibacterial effect and others improv¬ 
ing larval nutrition (R. Manning 2001). Adaptive nu¬ 
tritive traits in pollen might be more likely where 
pollen is offered specifically for feeding, as in heteran- 
thous plants. In some Lecythidaceae (fig. 2.5), the food 
pollen grains are known to be larger than the reproduc¬ 
tive pollen (Mori et al. 1980). However, in Commelina 
some of the “food anthers” are deceptive and have lit¬ 
tle or no food reward, and some contain a milky fluid 
instead of pollen. Curiously, sterile pollen is reason¬ 
ably common even in nonheteranthous but function¬ 
ally female flowers (Cane 1993a), for example, Ac- 
tinidia, Rosa setigera, and some Solarium spp. This 
case has usually been regarded as one of deception, 
but the sterile pollen can still be nutritionally useful 
to bees (especially its lipid-rich pollenkitt layer; 
e.g., Cane 1993b) and may even have as much amino 
acid content as the fertile pollen (Davies and Turner 
2004). 

Conversely, does pollen ever have repellents or tox¬ 
ins? We noted that some volatiles present may be de¬ 
terrent to ants, but these are not really connected with 
pollen “nutrition." However, Zigadenus pollen can kill 
bees, due to certain alkaloids present (Hitchcock 1959, 
Tepedino 1981), yet the plant is bee pollinated. Other 
recorded pollen repellents or toxins are mannose 
(E. Crane 1977, 1978) and polyphenolics (Carisey and 
Bruce 1997), generally also found in the foliage of the 
same species (Detzel and Wink 1993). 

6. Pollen Preferences? 

The majority of pollen feeders are polylectic, that is, 
they take pollen from several different plants opportu¬ 
nistically. Only rarely are flower visitors classified as 
pollen specialists, that is, narrowly oligolectic, or even 
monolectic (elaborations on this terminology are con¬ 
sidered in chapter 18, since it is primarily relevant to 
the pollen-gathering bees). Polylecty makes sense not 
least because so many of the relevant animals have an 
active adult life cycle longer than that of any one 
plant’s flowering season. But at any one time, special¬ 
ists will concentrate on a few related plant species, 
ignoring others of equal or greater value (note: they 
cannot reasonably be described as oligolectic unless 
alternative pollen sources are present and are being ig- 
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nored). Some of these specialists have pollen-gathering 
structures that are seemingly linked with harvesting 
grains of particular size or shape. 

While most flower visitors are described as nonspe¬ 
cialist, they may still exercise a good deal of prefer¬ 
ence. Many bees do behave in a narrowly oligolectic 
fashion in practice and can often show almost com¬ 
plete floral (hence pollen) constancy on any one day or 
at least on any one trip (Westerkamp 1996). Many, 
perhaps most, bees also have a degree of polylecty that 
is in part imposed by nectar accessibility rather than 
by pollen, given that it is quicker to collect both re¬ 
sources from the same flower. Even the somewhat spe¬ 
cialist bees may take some novel pollens when they 
are offered in feeding trials (e.g., N. Williams 2003, 
using Osmia species). However, a broader study with 
specialist bees found that they failed to develop on 
nonhost pollens; pollen from Asteraceae and Ranun- 
culaceae was unacceptable except to bees that were 
specialists on those groups, and some Heriades bees 
proved so fussy that they ceased nesting if offered only 
nonhost pollens (Praz et al. 2008a,b). These authors 
suggested that some pollens may possess protective 
properties that hamper digestion by bees, undermining 
the general view that pollen is “easy protein” for flower 
visitors. 

We know relatively little about flower visitors’ as¬ 
sessment of pollen quantity or quality or about their 
decision making on continuing to gather particular 
pollen rewards; but since these issues relate almost en¬ 
tirely to bees they are again reserved for chapter 18. 

7. The Longevity and Viability of Pollen 

In general terms, pollen can be a long-lived material 
under the right circumstances, since it can be gathered, 
stored, and sent around the world (in careful packag¬ 
ing) to plant breeders and gardeners (e.g., Shivanna 
and Johri 1985; Hanna and Towill 1995). Most pol¬ 
lens, if kept fairly dry and cold and in the dark (or 
more specifically without exposure to UV radiation), 
do persist for weeks or months. But grass pollens (i.e., 
most cereals) are notoriously short-lived, often re¬ 
maining viable for only a few hours, and sometimes 
only minutes; for reasons explained above, they must 
be kept at higher humidities. Evidently there is much 
variation in artificial pollen management that is still to 
be explained. 


However, in more natural conditions, pollen lon¬ 
gevity and pollen viability are rather difficult terms to 
define or to measure (Dafni and Firmage 2000) and are 
used differently in different contexts. In some cases, 
viability is taken as merely the capacity to grow, but 
that of course depends on the conditions provided. 
Growth on a stigma or in vivo are more precisely de¬ 
finable, but ultimately, in terms of pollination biology, 
it is the ability to grow and to result in effective seed 
set that is critical, which in turn may depend upon a 
pollen type’s competitive ability. Any or all of these 
terms may or may not be linked to such laboratory- 
assessed factors as germinability and stainability, so 
the whole field is fraught with uncertainty in assessing 
reported results from diverse sources. Nevertheless, in 
the applied contexts of horticulture and crop breeding, 
it is often crucial to assess the viability of pollen sam¬ 
ples, and many methods have been developed for do¬ 
ing so (reviewed by Dafni 1992; Dafni and Firmage 
2000). Some involve stains for the cytoplasm (since 
pollen lacking cytoplasm is inevitably dead) or tests of 
respiration, but these methods tend to overestimate vi¬ 
ability since pollen with stainable respiring cytoplasm 
is not necessarily viable. Enzymic methods, where ap¬ 
plied stains change color if subjected to breakdown by 
active pollen enzymes, are usually more reliable. Of 
these, the fluorochromatic reaction (FCR, using the 
dye fluorescein diacetate) is still the most widely used 
technique, in which treated pollen grains fluoresce in 
UV light if still functional; but here again there may be 
only limited correlation with real seed-setting viabili¬ 
ty. Better reliability comes from testing germination 
directly in a culture medium and detecting growing 
pollen tubes with suitable microscopy; or testing ger¬ 
mination on natural stigmas, then digesting the stigma 
and observing pollen tubes in dyed preparations. How¬ 
ever, these methods take significantly longer and even 
then cannot take account of possible interactions be¬ 
tween pollen grains, both facilitatory and competitive 
(see below). Hence in practice, accurate assessment of 
pollen viability remains extremely difficult. 

A great many factors affect pollen viability in natu¬ 
ral conditions, as summarized in figure 7.13 (Dafni 
and Firmage 2000). These can be loosely divided into 
factors acting before dehiscence and factors acting af¬ 
ter the pollen becomes exposed in the environment. 

Some aspects of pollen longevity and viability are 
determined within the anther long before dehiscence. 
When forming within the locules, pollen grains tend to 
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store carbohydrates gained from the anther tapetum 
layer as starch grains; but as the pollen matures, these 
are usually partially or wholly hydrolyzed into sugars 
prior to anther splitting. This hydrolysis can be crucial 
for pollen function, because it affects longevity and 
environmental resistance via partial dormancy (Pacini 
2000). Where the starch is hydrolyzed and the sugar 
levels increased, the pollen grains become more resis¬ 
tant to gain and loss of water, since they can polymerize 
the sugars to change their own internal osmotic concen¬ 
tration. Furthermore, the resultant sucrose-rich pollen 
survives better than very starchy pollen, owing to the 
well-known and ubiquitous effects of sucrose, treha¬ 
lose, and other sugars in stabilizing biological mem¬ 
branes during thermal or osmotic stress. Pollen that is 
produced in water-stressed plants tends to have lower 
sugar levels, poorer survival and viability, and a lower 
seed-siring capacity (H. Young and Stanton 1990a). 

Pollen size and packaging, both of which are deter¬ 
mined prior to dehiscence, also affect the dehydration 
rate, since this will always be lower where the surface- 
area-to-volume ratio is low. Large individual grains 
will dry out more slowly than tiny grains, and tetrads, 
polyads, and pollen masses will dry out even more 
slowly, prolonging their life. This is one reason why 


orchid pollinia are among the longest-lived of all pol¬ 
lens, with records of 30 to 50 days not uncommon 
(Neiland and Wilcock 1995). 

Once released from the anther, pollen is inevitably 
subject to environmental stresses, and its viability will 
decrease (J. Thomson and Thomson 1992; Dafni and 
Firmage 2000). This decline occurs more or less rap¬ 
idly depending on intrinsic factors: size, sugar content, 
and perhaps partly the presence of certain protective 
proteins (S. Campbell and Close 1997). Pollens that 
are partially dehydrated and can regulate their water 
content, such as many Mediterranean species (e.g., 
Cistus, Oleci) and xeric palms (e.g., Chamaerops ) and 
some temperate plants (e.g., Mercurialis), are all rea¬ 
sonably long-lived. Those that remain starchy and can¬ 
not regulate their water loss or uptake are fragile, and 
their release is usually restricted to times and/or places 
where the humidity is high; examples include Cucur- 
bita, Zea, and many common grasses, which as already 
noted may remain viable for only a few minutes even 
in greenhouse conditions. However, the rate of decline 
will also depend on external factors. Some of these 
still relate to the plant itself, including the degree of 
exposure or protection of the pollen in the anthers and 
the microclimatic amelioration afforded by other 
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aspects of the plant’s architecture that keep the humid¬ 
ity higher and reduce the temperature extremes. Other 
extrinsic factors relate more broadly to the environ¬ 
ment: diel temperature regimes, radiation inputs, low 
humidity and drying winds. But there will also be con¬ 
tact with and collection by flower visitors to contend 
with, imposing physical and potentially chemical 
stresses (since animals may produce secretions that 
can damage pollen). Even without these influences, 
the most resistant pollen types do continue to decline 
in viability after release, the result of natural ageing 
that is under the influence of several different enzy¬ 
matic pathways. Hence it is almost impossible to de¬ 
fine a sharp cutoff between viable and useless pollen. 

To what degree pollen longevity varies in a system¬ 
atic or adaptive fashion is unclear, but a few interesting 
points have emerged: 

1. There are apparent links between low pollen lon¬ 
gevity and high pollen competitive ability (Harder and 
Wilson 1994; J. Thomson et al. 1994), which could 
select for a rapid dispensing schedule from the plant’s 
point of view. 

2. There are also associations between high pollen 
longevity and low or unreliable visitor activity (e.g., 
Beardsell et al. 1993); longer stigma receptivity is also 
involved, which again makes adaptive sense for the 
plant. Winter-flowering Cyclamen species in the Med¬ 
iterranean have long flowering periods, long stigma 
receptivity periods, and high pollen longevity, all of 
these parameters recorded as 16-20 days (Swartz- 
Tachor 1999). Some evidence from Banksia species 
also supports such a link; in B. menziesii most of the 
pollen lasts less than 24 h, but pollen removal efficien¬ 
cy is high (Ramsey 1988), whereas in B. spinula pollen 
can often last 8-12 days, but its removal from the an¬ 
thers is only partial even after several days (Vaughton 
and Ramsey 1991). 

3. Short-lived pollen is often associated with great¬ 
er selfing capacity (Franchi et al. 1996), whereas out- 
crossing is favored by longer-lived pollens. Again the 
dispensing pattern is relevant (Thomson and Thomson 
1992), with the gradual release of successive small 
doses of pollen (either from individual anthers open¬ 
ing progressively or from many sequentially opening 
flowers in an inflorescence) being matched with short¬ 
er-lived pollen. 


4. The most obviously useful association would be 
to have longer-lived pollen where the transit time be¬ 
tween donor and recipient plants was high, as in highly 
dispersed populations. Here there are few direct tests, 
but the extremes may be exemplified by orchids, most 
of which are rare and widely dispersed and have very 
long-lived pollinia, and by anemophilous grasses, 
which commonly occur in dense swards and have 
among the shortest-lived of all pollens. In pursuit of 
this same idea, Dafni and Firmage (2000) calculated 
the mean pollen longevity for insect-pollinated plants 
as 8.5 days, and for windborne pollens as 21.5 h, al¬ 
though each had a very wide range. 

Thus, the longevity of pollen could be adaptive for the 
plant. In principle it could also be an aspect of quality 
that is of importance to some pollen-feeders. However, 
even pollen that is effectively dead (nonviable) from 
the plant’s point of view can still serve as useful food 
for a hoverfly, a beetle, or a bee and its larvae. There is, 
perhaps not surprisingly, little evidence that flower 
visitors can detect whether pollen is viable. But they 
may well be able to detect when it is very desiccated 
and therefore perhaps less valuable to them; in that 
sense, sucrose-rich pollens may have some benefits, 
explaining the findings of Franchi et al. (1996) men¬ 
tioned earlier. 

8. Pollen-Only Flowers 

Some flowers—around 20,000 species—have become 
specialized as pollen-only providers, perhaps because 
of the selective pressures to meet the demand for extra 
pollen from bee visitors, as outlined in chapter 4. It 
appears that only predominantly bee-pollinated flow¬ 
ers have taken this route, and some of them combine 
the strategy with having buzz-pollinated anthers to ef¬ 
fectively exclude all other pollen seekers. Familiar 
examples include the poppies ( Papaver spp.), the 
rock-roses (some Cistus and most Potentilla and He- 
lianthemum ), and some of the flowers with feathery 
inflorescences that are dominated by attractive colored 
anthers, such as some Solanum and Hypericum or, in 
a more extreme form, meadow rue ( Thalictrum; al¬ 
though this can also be wind pollinated). One prob¬ 
lem, of course, is that this approach works only in a 
hermaphrodite flower—it would be impossible to at¬ 
tract visitors to separate female flowers if pollen were 
the only reward, except by some careful intersexual 
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mimicry or similar subterfuge (chapter 23). Another 
problem is that the pollen has to be protected some¬ 
how from being entirely used as bee food; this may be 
partly solved by having two different kinds of anther 
(heteranthy), as discussed above in relation to buzz 
pollination. 

Do pollen-only flowers genuinely produce more 
pollen? Vogel (1978a) suggested that this occurred, and 
Pellmyr (1986) found some evidence for it in Cimici- 
fuga. Mione and Anderson (1992) compared pollen 
amounts relative to the ovule number (P/O ratios—see 
below) in various Solanaceae and found no link, but 
subsequently Cruden’s larger analysis (2000) showed 
a clear and significant effect across a range of taxa 
with nectarless flowers. 


9. Pollen Competition 

It was an assumption of most early pollination biolo¬ 
gists that there are usually more pollen grains depos¬ 
ited on a stigma than are needed to produce maximum 
seed set and that therefore pollen grains compete with 
each other once they have landed and begun to pro¬ 
duce pollen tubes. Hence the first arrival could get a 
head start in the race to fertilize ovules, with differen¬ 
tial growth rates of the tubes partly depending on the 
pollen’s genetic constitution (Mulcahy et al. 1992), 
and potentially leading to differential fertilization suc¬ 
cess (Snow and Spira 1991, 1993). Some pollen sourc¬ 
es do always grow faster in styles, whereas others have 
different speeds in different styles, so the growth of 
pollen tubes must involve the interaction of the style 
and the pollen tissues, probably at the level of allelic 
combinations, with good combinations being favored 
(as opposed to self-incompatibility, where some allelic 
combinations get blocked, as mentioned in chapter 3). 
Pollen allelopathy, which was referred to earlier, may 
also be involved in pollen competition. 

An explicit test of the key assumptions about pollen 
competition was presented by Mulcahy et al. (1983) 
using Geranium maculatum flowers (these have large 
pollen grains and produce a convenient maximum of 
five seeds per flower). Figure 7.14A shows the number 
of grains per stigma through 2 hours of observation 
immediately after the stigmas became receptive and 
visitation began, and it reveals a rapid accumulation, 
such that a stigma will on average receive 50-60 grains 
and may have well over 100. The authors showed that 


only approximately 30 grains were needed for maxi¬ 
mum seed set (which would take only about one hour 
to be deposited), and that pollen tube growth from the 
stigma to the ovule required 30-120 minutes (fig. 
7.14B). In this situation, given the highly variable 
growth rates for the pollen tubes, slow-growing grains 
from a first visit could readily be overtaken by faster 
growers from a second visit, and competition could 
therefore result both between grains deposited simul¬ 
taneously (and quite probably from the same donor) 
and between those deposited at different times by dif¬ 
ferent visitors (and probably from different donors). 
Arriving early and growing fast would therefore both 
be advantageous, especially because it is also known 
that growth rate is strongly heritable: gametes result¬ 
ing from fast-growing grains give rise to fast-growing 
sporophytes (Ottaviano et al. 1980) and taller seed¬ 
lings (Mulcahy 1974). 

Several other factors might affect this competitive 
interaction. The amount of pollen present is probably 
critical in some plants, since a high pollen dose may 
delay or inhibit germination of grains (Cruzan 1990), 
and dispersed pollen grows faster than clumped pol¬ 
len. There might also be an advantage for those grains 
that landed in the most favorable places on a stigma 
(perhaps landing in crevices rather than on top of the 
papillae). The environments in which the grains were 
formed could also matter, and pollen grains from 
plants with poor nutrient status might do less well 
(H. Young and Stanton 1990a; Stephenson et al. 1992), 
as might those that were formed at lower temperatures. 
A specific effect of plant age was shown in Raphanus 
(D. Marshall et al. 2007) whereby some pollen donors 
did better in young plants and others in older plants; 
these differences also correlated with the flowering 
time of the donors, a finding that raises the possibility 
of “temporal” specialization in the pollen donors. 

Pollen competition generally leads to more heterozy¬ 
gosity and less selfing, although this may change with 
the age of the plant, and there may be more selfing in 
an old plant that has not yet had much fertilization suc¬ 
cess, perhaps because its recognition systems change 
subtly with age (Holsinger 1992). 

However, competition enhancement can also occur, 
in that pollen growth may be stimulated by the pres¬ 
ence of other grains on the stigma, especially if those 
grains came from different parents (Mulcahy et al. 
1992). A very low dose of pollen may be too low to 
stimulate germination at all—in other words, pollen 
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Figure 7.15 Interrelationships of pollen traits 
with other features of animal-pollinated 
plants. Note that the pollen-bearing area of 
the visitor, and the ovule number of the plant, 
should have positive relationships with grain 
number, whilst stigma area, stigma receptivity 
duration and pollen grain size have negative 
effects. The pollen/ovule ratio (P/O) can be a 
useful value, differing for various pollination 
modes (see fig 7.16). (Redrawn from Cruden 
2000 .) 


factors (SA/PBA). Physiological factors, such as the 
duration of stigma receptivity, the longevity of pollen, 
and the nature and strength of incompatibility reac¬ 
tions, also come into play. The environment has an ad¬ 
ditional effect, since insolation can change pollen pro¬ 
duction within and between plants (e.g., Etterson and 
Galloway 2002). However, population parameters are 
perhaps the most critical, especially the average inter¬ 
plant distance, which is even more crucial for wind- 
pollinated plants. 

Cruden reviewed many of these influences in terms 
of pollen/ovule ratios (P/O), which he proposed (1977) 
as a useful indicator of the likelihood of pollen effec¬ 
tively reaching a stigma. Pollen grain number (P) is 
generally inversely related to pollen size, reflecting an 
obvious trade-off in terms of investment (e.g., Vonhof 
and Harder 1995), although restricted pollen outlets on 
anthers or flowers may also have an effect (e.g., from 
buzz-pollinated porate anthers or from legume flowers 
that are triggered to release pollen from a narrow slit 
between the petals). 

P and O (ovule number) are positively correlated 
across plant species, both within families (Small 1988, 
for Leguminosae; Lopez et al. 1999, for Fabaceae; 
Kirk 1993) and between families (Cruden and Miller- 
Ward 1981). P/O ratios can vary between populations 
within a species, but generally in a direction consistent 
with ecological constraints (e.g., in Blandfordia, Ram¬ 
sey et al. 1994). P and O may also vary between indi¬ 


viduals and between flowers on an individual, but usu¬ 
ally there is either no relationship or a positive 
relationship between them at this level. Both P and O 
may change through a flowering season, although P/O 
often remains constant (e.g., in Raphanus, H. Young 
and Stanton 1990b). Hence, use of the ratio (P/O) re¬ 
moves some of the variation and allows more useful 
and meaningful comparisons between different polli¬ 
nation modes and different breeding systems (Cruden 
and Jensen 1979; Cruden and Lyon 1989; Cruden 
1997), though as yet, phylogenetic effects are not fully 
taken into account, an omission that probably con¬ 
founds some of the patterns seen. 

Some of the interactions of floral traits found by 
Cruden’s group are shown in figure 7.15. There are 
positive interactions between pollen size and the depth 
of the stigma, and negative links with pollen number, 
the latter also being negatively influenced by stigmatic 
area and the duration of receptivity. The authors also 
showed that the P/O ratio was negatively correlated 
with the SA/PBA ratio, so that more pollen is needed 
per ovule when the surface of the stigma is relatively 
small. For population-level factors, they found that the 
P/O ratios were 

1. higher in outcrossing plants (usually 1,000-10,000, 
rarely 100,000) than in selling plants (< 1,000), 

2. lower in hermaphrodite plants than for any other 
sexual system (unisexual, polygamous, etc.). 
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3. lower in plants with packaged pollen, 

4. higher where pollen is the only reward offered, 
and 

5. much higher in anemophilous plants than in zoo- 
philous plants. 


They also found little effect of whether pollen presen¬ 
tation is primary or secondary. And perhaps most im¬ 
portant, their analyses also failed to find any broad dif¬ 
ferences in the P/O ratio between plants pollinated by 
different kinds of animal (bird, bee, fly, etc.). 
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Table 7.6 

Pollen/Ovule Ratios 


Pollination type Cenus or family 

Pollen grain number 

Pollen size 

Pollen/ovule ratio 

Animal-pollinated plants 

Medicago 

small 

large 

low 

Trigonella 

larger 

smaller 

high 

Amsinckia, Cryptantha, Cassia, Isopogon 

large 

tiny 

high, > 25000 

Cactaceae, Cucurbitaceae, Onagraceae 

small 

large 

low, < 1000 

With compound polyads or pollinia 

Orchidaceae 

very high 

tiny 

very low, 1 -20 

Acacia 

low 

medium 

very low, 1 (-3) 

Wind-pollinated plants 

Generally 

Ambrosia 

large 

small 

very high, > 10 6 
highest, ~ 10 15 

Water-pollinated plants 

Generally, freshwater 

Potamogeton spp. 

Generally, marine 

variable 

variable 

low, 100-1000 
medium, 2-40,000 
low, 1,000-10,000 


Source: Based on data and sources in Cruden 2000. 


Selfing 



Figure 7.1 7 A schematic overview of all possible pollen fates. 
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Some of these broader findings, which are summa¬ 
rized in figure 7.16, are based on rather small samples 
from rather few families and have also been criticized 
as oversimplifications that are highly subject to local 
differences in mate availability and competition. But 
they do provide a useful overview of potential selective 
effects and a broad clue to how much pollen a flower 
should produce. Some examples of approximate P/O 
ratios are therefore given in table 7.6, together with 
other key morphological and ecological features, for a 
range of plant taxa. This information broadly supports 
the generalizations that Cruden (2000) set out, al¬ 
though plants with compound pollen or pollinia inevi¬ 
tably do not easily fit the other trends. A later analysis 
by Michalski and Durka (2009) using 107 species pro¬ 
vided further support for point 1 above, although the 
relation was stronger for wind-pollinated plants and 
only marginal for zoophilous species. 

Narrowing down our view from ecological process¬ 
es, how much pollen a plant should produce is also 
influenced at a much finer scale by the processes tak¬ 
ing place on and in the style of an individual flower. 
Pollen grains must first germinate and grow functional 
pollen tubes, and since grains may sometimes facili¬ 
tate each other’s growth, the number of pollen grains 
required on the stigma may be much more than one 


grain per available ovule (as in the Geranium example 
above). Pollen grains must also be sufficiently numer¬ 
ous to overcome interference from incompatible pol¬ 
lens. Pollen must then be sufficient to fertilize the 
available egg cells and produce seed; and there may be 
a minimal number of fertilized seeds required to pro¬ 
duce a fruit that is worth retaining and investing in 
(e.g., Stephenson 1981). Several studies indicate a 
minimum requirement of four to six pollen grains per 
ovule to give the best seed set (e.g.. Snow 1986; Mur¬ 
cia 1990). This also allows the higher-quality pollen 
grains to outcompete poor-quality pollen (providing a 
degree of sexual selection), since larger pollen loads 
and mixed paternity pollen loads tend to produce 
higher-quality progeny (e.g. Niesenbaum 1999). 

As an overall conclusion from all these effects, 
then, the number of pollen grains carried as a result of 
a single visit to a donor flower should—from the plant’s 
point of view—be enough to deposit sufficient grains 
to compete successfully on the first stigma encoun¬ 
tered and to allow sufficient pollen carryover to com¬ 
pete for fertilization with a few more potential mates. 
A summary of all the possible outcomes for a pollen 
grain {pollen fate), which is shown in figure 7.17, indi¬ 
cates just how complicated any estimate of requisite 
grain number may be. 


Chapter 8 

REWARDS 2: THE BIOLOGY OF NECTAR 


Outline 

1. Nectaries 

2. Nectar Secretion 

3. Nectar Chemical Composition 

4. Nectar Volume 

5. Nectar Concentration and Viscosity 

6. Nectar as a Sugar and Energy Reward 

7. Nectar as a Water Reward 

8. Daily, Seasonal, and Phylogenetic Patterns of 
Nectar Production 

9. Postsecretory Changes in Nectar: How 
Flowers Control Their Nectar and Their 
Pollinators 

10. Problems in Measuring and Quantifying 
Nectar 

11. The Costs of Gathering Nectar 

12. Overview 


Nectar is the main secondary floral reward in an evolu¬ 
tionary sense, appearing on the scene probably in the 
late Cretaceous in angiosperms, later than pollen. But 
it has very often become the primary offering of a 
flower (chapter 4), thereby protecting the plant’s in¬ 
vestment in the reproductively useful pollen. As a 
commodity, nectar is easy for plants to produce and 
easy for animals to handle, its sugars being simple to 
metabolize and thus to use as a readily available fuel 
for an animal’s activities. The general properties of 
nectar are usefully reviewed by de la Barrera and No¬ 
bel (2004) and in an edited volume (Nicolson, Nepi, 
and Pacini 2007). 

Nectar supply is somewhat unpredictable in time 


and space, however, and dedicated nectar feeders there¬ 
fore benefit from having a storage region in their gut 
(the crop, in most nectarivorous insects and in birds) 
that can hold large amounts of nectar when it is avail¬ 
able and then release the stored fluid gradually to the 
absorptive gut beyond, so buffering the animal’s body 
fluids from the osmotic shock of a sudden sugar load. 

Nectar is not necessarily associated with flowers, 
since it also occurs in ferns, where it attracts honey¬ 
bees, and can commonly be secreted extraflorally on 
the leaves, petioles, and stems of a substantial propor¬ 
tion of terrestrial plants. Thus nectar—in the broadest 
sense of a sweet sugary secretion from a plant—must 
have existed before angiosperms evolved. A range of 
animals would have become accustomed to search 
around early land plants for sugary exudates (perhaps 
also finding stigmatic exudates and the honeydew re¬ 
leased by sap-sucking insects). Hence modem flowers 
in a sense have just taken over nectar production for a 
more specific function that enhances their reproduc¬ 
tive success. 

Two models for the evolution of nectar secretion 
have been proposed by de la Barrera and Nobel (2004). 
They note that a flower requires a substantial water in¬ 
put as it grows and expands its large surfaces, which 
would leave an excess of sugars from the phloem that 
could simply be excreted into the flower base to form 
the beginning of a nectary. Alternatively, a simpler 
“leaky phloem” model may be at work, relying mainly 
on the high hydrostatic pressure in the phloem to force 
a leak out into the incipient nectary across relatively 
weak and still expanding tissues. The authors propose 
that both models may now operate together as under¬ 
lying factors in nectar production in modern flowers. 

Nectar is extremely convenient for pollination bi¬ 
ologists to study; it can be extracted from most flowers 
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Figure 8.1 (A) Nectary types and sites in flowers (redrawn 
from Bernardello 2007). (B) Specific examples: (1) surface se¬ 
cretion in ivy ( Hedera ); (2) conical petal nectaries in Hellebo- 
rus; (3) concealed petal nectary within the arching upper 
petal of monkshood ( Aconitum ) (redrawn from Barth 1985). 

rather easily and can be measured, both in terms of 
volume (V) and concentration (C), rather easily, thus 
providing a direct assessment of the calories that a for¬ 
ager can gain from a single visit to a given flower. In 
this lies much of the attraction of flower-visiting be¬ 
haviors for biologists studying optimal foraging and of 
pollination ecology as a focus for analysis of more 
general ecological principles. 

1. Nectaries 

Floral nectar is produced by nectaries, which tend to 
appear as yellowish-green surfaces in a flower and are 
often shining or glistening, sometimes with visible 
nectar droplets on their surface. They can be derived 
from various different floral tissues and therefore have 


no fixed shape or size or position in the flower (Pacini 
et al. 2003 and Bernardello 2007 provide reviews). 
Nectaries are usually more or less basal within the 
flower, so that a visitor must insert its tongue or head 
or whole body into the corolla and will reliably contact 
the anthers in passing and so pick up pollen. But es¬ 
sentially a nectary can be positioned wherever is ap¬ 
propriate in terms of manipulating the visitor’s posi¬ 
tion, and there can be little doubt that nectaries have 
arisen convergently many times within the angio- 
sperms. They certainly show no particular patterns as¬ 
sociated with taxa or habitat or pollinator type. 

There have been many different classification sys¬ 
tems, but a simple scheme based on position is prob¬ 
ably most useful. Some common types, as defined 
by location, are shown in figure 8.1, and include the 
following: 
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1. Sepal nectary, which is on a sepal (or the 
equivalent on a calyx) 

2. Petal nectary, which is formed from part or all 
of a petal. This type is common in the buttercup family 
(Ranunculaceae), where a fold of petal tissue secretes 
the nectar; sometimes whole petals are modified as 
nectaries, and may be termed nectar leaves. For ex¬ 
ample, in many Helleborus species the petals become 
conspicuous curved tubular cups containing nectar, 
with the sepals forming the main visual attracting sur¬ 
faces (plate 19B). In Trollius there are special spoon¬ 
shaped petals within the flower that are light yellow in 
color and contain the nectar. In monkshood flowers 
(Aconitum ), which are visited almost exclusively by 
bumblebees, there are two petals curled into tubes in¬ 
ternally to form nectaries, so the nectar is held right at 
the top inner part of the flower, where it cannot be 
reached by other visitors (fig. 8.IB). 

Petal nectaries occur in other families too; in many 
Lilium species the nectaries are in grooves formed by 
the base of the petals, and in L. martagon (the Turk’s 
cap lily) these grooves are covered in fine hairs. In a 
few orchids parts of the petals are enlarged into ‘lolli¬ 
pop hairs’ that secrete nectar fed on by short-tongued 
beetles and wasps (S. Johnson et al. 2007). 

3. Staminal nectary, where all or part of a sta¬ 
men is nectariferous, either the filament or the anthers 
or both being involved. Species of Pulsatilla (pasque 
flower) have nectaries at the base of their stamens. In 
pansies and violets ( Viola spp.) there are fleshy “tails” 
on the base of the stamens that secrete the nectar, 
which is then stored in a short nectar spur. The pistil in 
violets is a hollow structure filled with mucilage, 
which oozes out when a bee moves the somewhat flex¬ 
ible style while feeding at the nectary; the mucilage 
helps stick some pollen to the bee. The style straight¬ 
ens again when the bee leaves, releasing the pressure, 
and excess mucilage and pollen are then drawn back in 
to the hollow. 

4. Gynoecial nectary, where fluid is secreted 
from some part of the ovary tissue; this situation very 
often gives rise to a disk nectary, which is situated by 
the base of the stamens and ovary and often appears as 
a fleshy ring right around the inside of the flower in 
more advanced families of dicots and in most flowers 
with an elongate corolla tube. Alternatively there may 


be a septal nectary, which occurs on septa that sepa¬ 
rate the carpels of the ovary. This type is common in 
many monocot families. Less commonly there is a 
stigmatic or stylar nectary, or a small ring or disk 
nectary situated on top of the ovary. 

It is also quite common to find that a nectary (espe¬ 
cially a sepal or petal nectary) discharges into a special 
nectar spur (chapter 2), an elongate tube from the base 
of the flower that acts as a storage site for secreted nec¬ 
tar. Nectar spurs are recorded in at least 15 families and 
are ubiquitous in certain taxa. They can help to keep the 
secreted nectar at a stable composition that is unaffect¬ 
ed by evaporation or by rainfall (but see section 4, Nec¬ 
tar Volume, below) and can protect against unwanted or 
ineffective visitors and invasive microorganisms. They 
are common in moth and hummingbird flowers, where 
a particularly long tongue is used to extract the reward, 
as well as in flowers visited by longer-tongued bees. 
They can be up to an extraordinary 40 cm long in a 
Madagascan orchid (fig. 8.2 and chapter 14). 

Finally, although always produced in a nectary, 
nectar can sometimes be transferred via ducts to an¬ 
other position on the flower ( secondary nectar presen¬ 
tation), several examples being given by Bernardello 
(2007). 

2. Nectar Secretion 

The tissue of a nectary has a typical ultrastructure 
(Fahn 1979; Nepi 2007) made up of three key compo¬ 
nents: a thin epidermis, often with trichomes or papil¬ 
lae or obvious glands, that overlies one or several lay¬ 
ers of parenchyma, and a vascular bundle supplying 
phloem fluid (with or without xylem). All nectaries are 
ultimately supplied from phloem vessels, and nectar 
can be viewed as modified phloem sap. But the sap is 
probably altered into “pre-nectar” as it moves across 
the phloem sieve plates into the nectary tissue and 
modified again as it moves from parenchyma across to 
the epidermis and through epidermal membrane, cell 
wall, and cuticle. Figure 8.3 shows a diagrammatic 
summary. 

Parenchymal Processes 

The parenchymal cells of a nectary may form a single 
layer, or they may constitute a more complex structure 
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Figure 8.2 Elongate nectar spurs in (A) columbine ( Aquilegia ), also showing a single petal and its spur; (B) Impatiens 
glandulifera, with a cut-away view showing the spur; (C) Viola, with a large spur normally hidden at the rear (modi¬ 
fied from Proctor and Yeo 1973); (D) toadflax ( Linaria ) with a spur below (modified from Proctor et al 1996); (E-G) 
three southern African examples, Ixia, Geissorhiza, and Pelargonium (parts (E-G) redrawn from Goldblatt and Man¬ 
ning 2006). 


Figure 8.3 Common types of nectar secretion pro¬ 
cesses: (A-C) parenchyma cells producing nectar; 
(D-F) production by trichomes; (G, H) epidermal/ 
epithelial cells. Processes in (A), (D), and (E) produce 
droplets; those in (B), (F), and (G) produce a continu¬ 
ous layer; process in (C) secretes into a nectary spur, 
and process in (H) into a nectary duct. (Modified from 
Pacini and Nepi 2007.) 
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with one layer of obviously specialized cells overlying 
a subnectary parenchyma of larger and less specialized 
cells. The cells of the secretory parenchyma are often 
multinucleate, and when actively secreting they have 
large vacuoles. In many plants they contain starch 
granules, which are broken down as nectar is secreted; 
but in other cases the supply of carbohydrate for the 
nectar comes directly from photosynthesis via the 
phloem, and starch is absent (Pacini et al. 2003). This 
clearly reflects the two distinct modes of nectar pro¬ 
duction in plants: 

1. Sugars produced from stored starch within the 
nectary 

2. Sugars produced directly horn photosynthesis 

The relative advantages of these two systems were 
compared by Pacini and Nepi (2007), as shown in 
table 8.1. However, there seem to be no systematic 
patterns determining which mode occurs in a given 
plant, and sometimes both may be present; any plant 
secreting nectar by night, or before the plants are in 
leaf, must be using stored starch reserves, but could 
use a photosynthetic source by day or later in the sea¬ 
son. The only clear pattern is that where secretion is 
fast and copious, stored starch granules are involved 
and nectary tissue tends to be more substantial. 

Nectar secretion from the parenchyma cells may be 
either granulocrine (vesicles from the cellular endo¬ 


plasmic reticulum fusing with the plasma membrane) 
or eccrine (individual molecules transported across 
the membrane). Where fast production and starch 
granules occur, transport out of the cell is normally 
eccrine (Nepi 2007). 

A single clear model for how nectaries function is 
still lacking (Pacini and Nepi 2007). There is no doubt 
that secretion from the nectary tissue involves active 
(i.e., ATP-requiring) processes, and the secretion of 
sugar across the epidermis is probably linked to carrier 
molecules with subsequent osmosis, although the de¬ 
tails remain unclear (Pais and Figueredo 1994; Nicol- 
son 1998; Vesprini et al. 1999; Pacini and Nepi 2007) 
and processes may indeed vary substantially between 
plant species. 

Epidermal Exudation 

The epidermal layers of nectaries are highly variable, 
within and between species and even with environ¬ 
mental conditions. They may be smooth and flattened, 
but often they have trichomes on their surface where 
the secretion of nectar is concentrated; these trichomes 
may be tiny and unicellular or substantial, easily visi¬ 
ble, multicellular structures. A number of ways for 
nectar to be exuded by the epidermis have been 
recorded: 


Table 8.1 

Advantages and Problems Associated with Two Different Nectary Types 



Advantages 

Disadvantages 

Sugars from 
photosynthate 

Nectar can be produced for days 
or weeks. 

Nectar removal by visitors may lead 
to further production. 

Nectary may benefit plant even after 
pollination. 

Nectar cannot be produced at night or on 
leafless plants. 

Nectar production is slow and dependent on 
nectary size. 

Nectar concentration cannot be very high. 

Sugars from 
stored starch 

Nectar can be made at any time. 
Production rate can be high and 
concentration can be high. 

Resorption may be easier. 

No further nectar can be made after 
consumption. 

Less immediately responsive to the local 
environment. 


Source: Modified from Pacini and Nepi 2007. 
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1. Leakage through the plasma membrane and cell 
wall and accumulation beneath the cuticle, which 
breaks or leaks under the pressure (a common 
route where trichomes are present) 

2. Through microchannels or pores in the cuticle 

3. Facilitated transport by the cell walls, which 
sometimes have special wall growths 

4. Gradual death of the epidermal cells leaving nec¬ 
tar exposed 

5. Via modified stomata that can no longer open and 
close. 

The last of these seems to be the commonest mode, 
and modified stomata have been reported in the necta¬ 
ries of many dicot families, although perhaps not in 
monocots. They may be held within deep depressions 
but are normally raised slightly above the surface when 
the nectary is actively secreting. There seems to be 
little control of their aperture (which does not respond 
to turgor or to ionic signals in the ways characteristic 
of leaf stomatal apertures), although nectary stomata 
are sometimes occluded by solid plugs of unknown 
material. 

The initial outcome of epidermal processes is a se¬ 
ries of microdrops of nectar on the epidermal surface, 
but the final result may be a thin layer of nectar spread 
across the surface, or a series of discrete droplets (po¬ 
tentially coalescing over time) above each stomata or 
each trichome, or even a clear nectary surface with the 
nectar rapidly moving off by gravity or capillarity into 
a spur or other storage site. Lopes et al. (2002) report¬ 
ed large nectary trichomes on the inner surfaces of pet¬ 
als of the hummingbird-pollinated Lundia cordata, 
from which nectar trickles down to the base of the co¬ 
rolla for storage. 

Secretion and exudation of nectar normally continue 
for just a few hours but can persist for as long as a few 
days. The petal nectaries in early spring flowering spe¬ 
cies of Helleborus are unusual in that they produce 
nectar for more than a week, and in some species up to 
20 days; in this genus secretion is holocrine, the entire 
epidermal cell discharging its contents into the nectary 
(Vesprini et al. 2008). But environmental effects can 
complicate the picture. Temperature and light intensity 
are bound to affect nectar production, since they affect 
the photosynthetic rate, which in turn will translate 
into stored starch. Nectar production may decrease at 
both very low and very high temperatures, and the lim¬ 
its will be set differently for different plants and in dif¬ 


ferent habitats. Light effects (e.g.. Boose 1997) are 
particularly problematic in forest understory sites, 
where reduced investment in nectar may be required. 
Water availability is also critical (M. Zimmerman and 
Pyke 1988a; Wyatt et al. 1992; Mitchell 2004), and 
plants tend to produce their highest nectar crop after a 
good rainfall. Severely water-stressed Chamerion 
plants dramatically reduced their nectar volume (Car- 
roll et al. 2001), although without changing the nectar 
concentration. These kinds of effects, of course, make 
it more difficult to estimate the selective influences on 
nectar from potential pollinators. 

3. Nectar Chemical Composition 

Whatever its location in the flower, nectar is essential¬ 
ly a mixture of sugar and water, with concentrations of 
sugar normally ranging between about 10% and 75% 
(although lower values are often recorded, perhaps es¬ 
pecially after rain or dew have affected the nectar). 
This composition provides a highly suitable fuel sup¬ 
ply for almost any flower visitors. 

Sugar Composition 

The sugars in nectar are predominantly glucose, fruc¬ 
tose, and sucrose in various proportions (at least eleven 
other carbohydrates have been identified on occasion, 
but these are inconsistent and always minor). How far 
the types of the three main sugars present in a given 
nectar are adaptive in relation to pollinator type or are 
determined by phylogeny or are a secondary conse¬ 
quence of flower morphology has been much debated. 

Sucrose is a disaccharide formed by combining 
one glucose and one fructose; and since the monosac¬ 
charide (hexose) sugars glucose and fructose are not 
normally found in plant phloem, they must either be 
made from phloem-derived sucrose within the nectary 
cells or by sucrose breakdown (inversion) after the 
nectar has been secreted. The invertase enzymes trans- 
glucosidase and transfructosidase have been detected 
in nectars (e.g., Frey-Wissling et al. 1954), and in- 
vertases certainly also occur within nectar parenchy¬ 
ma. However, glucose and fructose do not necessarily 
occur in similar amounts (Percival 1961; H. Baker and 
Baker 1983), so that simple inversion cannot be the 
whole story; there is evidence that the hexoses are 
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partly and differentially recycled through other bio¬ 
chemical pathways before being secreted into the 
nectary (Wenzler et al. 2008). In practice, out of 765 
nectars tested by Baker and Baker (1983), 649 con¬ 
tained all three sugars and 78 contained only the hexo- 
ses (all other combinations occurring at low frequency 
except that no nectars contained only fructose or only 
sucrose and fructose). 

To aid comparative assessments. Baker and Baker 
(1983) suggested a four-point scale that is produced by 
calculating the sucrose to hexose ratio, r, so that where 
equal amounts of sucrose (S), fructose (F), and glu¬ 
cose (G) are present the ratio is 0.33/0.66 (i.e., r = 0.5) 
and where sucrose is present in the same total amount 
as F 4- G, then r = 1.0. Hence they proposed the 
following: 

r > 0.99 sucrose dominant 

r = 0.5-0.99 sucrose rich 

r = 0.1-0.5 hexose rich 

r < 0.1 hexose dominant 

From a review of sugar types in large numbers of 
plants, they suggested that the ratio r has adaptive val¬ 
ue, and they drew several conclusions (table 8.2): 

1. Certain families typically had sucrose-rich nectars 
(Lamiaceae, Ranunculaceae), and others typically 
had hexose-rich nectars (Brassicaceae, Asterace- 
ae). (They noted that this finding raised some phy¬ 
logenetic issues that might be interfering with 
their analysis of animal preferences, for example 
many of their butterfly flowers were in the family 
Asteraceae.) 

2. Hummingbirds, hawkmoths, and long-tongued 
bees appeared to prefer sucrose-rich resources, 
while perching birds and short-tongued bees and 
flies appeared to prefer hexose-rich nectar. 

3. New World microchiropteran bats preferred hexo¬ 
se-rich nectar, while Old World megachiropterans 
preferred more balanced sugar mixtures. 

They also compared nectars within families and within 
genera in which more than one pollinator-type was re¬ 
corded. Taking Penstemon as an example, they found 
that 7 hummingbird-pollinated species had sucrose- 
rich nectar, while 17 insect-pollinated species had 


hexose-rich nectar (and just one had sucrose-rich nec¬ 
tar); later work by J. Wilson et al. (2006) largely con¬ 
firmed this, with bee-pollinated Penstemon scoring a 
mean r value of 0.315, and bird-pollinated species 
scoring 0.950. 

This aspect of nectar composition could potentially 
act as an important structuring agent for visitor activi¬ 
ties and might reflect coevolution between visitor 
needs or preferences and floral nectar output. Baker 
and Baker produced some interesting, and apparently 
adaptive, explanations from their findings: 

1. Sucrose-rich nectars in hummingbird-flow¬ 
ers occurred because they matched the birds’ recorded 
preference in taste tests (H. Baker 1975). Sucrose pref¬ 
erence might be related to the lower viscosity of a su¬ 
crose solution compared to an inverted hexose solution 
(of equivalent caloric value), making a sucrose-rich 
solution more manageable for a longer-tongued flower 
visitor. Later work has also indicated that humming¬ 
birds tolerate sucrose particularly well because their 
intestinal walls contain a sucrase enzyme (del Rio 
1990). However, the data on hummingbird preferences 
are often conflicting (e.g., Hainsworth and Wolf 1976; 
Stiles 1976; del Rio 1990; del Rio et al.1992), and 
when other options are not available, hummingbirds 
will freely take hexose-rich nectar from plants and 
also from nectar-rich introduced trees, such as euca- 
lypts. The distinction between sucrose-rich humming¬ 
bird flowers and hexose-rich passerine flowers is not 
clear-cut, since many South African passerine flowers 
have sucrose-dominant nectar and the birds are readily 
able to digest this. In fact, birds’ sugar-type prefer¬ 
ences are probably strongly linked to the concentra¬ 
tion used in the tests (Lotz and Schondube 2006), with 
many birds switching from hexose preference at low C 
to sucrose preference at higher C. 

2. Sucrose preference in longer-tongued bees 
perhaps evolved in relation to viscosity. Bees were 
represented mainly by honeybees in early experimen¬ 
tal work and did generally prefer sucrose, although 
subsequent work indicated little or no preference with 
other bees (Wells et al. 1992). Studies with Mediter¬ 
ranean floras indicated that bees and wasps of all 
tongue lengths slightly preferred high-sucrose nectars, 
while flies, beetles, and butterflies preferred lower-su¬ 
crose nectars (Petanidou 2005), results that are some¬ 
what in conflict with those in table 8.2. 


Table 8.2 

Nectar Sugar Composition 
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Main pollinator type 

% with particular sugar ratios [sucrose / (glucose + fructose)] 

No. species 
tested 

<0.1 

0.1-0.5 0.5-0.99 

>1.0 

Numbers 

195 

231 

149 

190 

765 

Percentages 

25 

30 

19 

25 


By family 






Brassicaceae 

90 

10 

0 

0 

10 

Asteraceae 

51 

42 

6 

2 

52 

Scrophulariaceae 

9 

43 

21 

26 

53 

Lamiaceae 

0 

33 

24 

43 

21 

Ranunculaceae 

0 

10 

19 

71 

21 

By pollinator type 






Insects 






Short-tongued bees 

44 

40 

10 

6 

310 

Flies 

40 

38 

10 

12 

72 

Wasps 

11 

39 

22 

28 

18 

Beetles 

11 

33 

22 

33 

9 

Perching moths 

7 

32 

26 

35 

43 

Butterflies 

7 

22 

32 

39 

75 

Long-tongued bees 

6 

37 

24 

33 

203 

Hawkmoths 

3 

13 

31 

53 

61 

Birds 






New World passerines 

92 

8 

0 

0 

12 

Other passerines 

73 

24 

3 

0 

66 

Hummingbird 

0 

13 

32 

55 

140 

Mammals 






New World bats 

33 

67 

0 

0 

27 

Old World bats 

14 

43 

29 

14 

7 

Nonflying mammals 

0 

40 

40 

20 

5 

Source: From H. Baker and Baker 1983. 





3. Bats’ preference for 

HEXOSE-RICH NECTARS 

sucrose values would be better). Furthermore, these 

might have been developed from eating fleshy fruits 

pollinator matches and sugar preferences may be 

that are also hexose rich; and H. Baker et al. (1998) 

somewhat illusory and have more to do with the type 

further reported marked sugar composition differences 

and degree of exposure of a nectary than with an adap- 

for both nectars and fruits for tropical bird and bat 

tive match to pollinator type. Sucrose 

appears to re- 

flowers that supported this theory. 


main dominant in deep, hidden nectaries (as preferred 

However, there are serious 

criticisms to be leveled 

by longer-tongued bees, hummingbirds, and moths), 

at these findings. Several authors, but most cogently 

while glucose and fructose levels become progres- 

Nicolson and Thornburg (2007), pointed out that the 

sively higher in nectars that occur in shallow, exposed 

ratios are misleading in themselves, because “su- 

sites in flowers, inevitably the flowers that are visited 

crose-rich” nectar means any value above 33% su- 

by shorter-tongued visitors. This point was made im- 

crose rather than above 50% (using simple percent 

plicitly by Percival (1961), based on 

her numerous 
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analyses of nectars. Several related points can be made 
here: 

1. First, all water-based solutions progressively lose 
water by evaporation in drier air, and a more exposed 
nectar will be evaporating faster because it is more ex¬ 
posed to dry air (and perhaps also because it is more 
easily irradiated and warmed up). Nectar containing 
only sucrose would reach a higher concentration by 
evaporative equilibration than would a hexose-rich 
nectar at the same humidity (Corbet, Willmer, et al. 
1979). Thus hexose-rich nectars might be selected for 
(to remain more dilute and more manageable) in ex¬ 
posed flowers. Their presence in bat flowers may be 
particularly necessary to raise the osmolarity and so 
help draw water out of the nectary to allow a more di¬ 
lute solution to be offered. In practice, bats offered 
choices showed no inherent preference between sugar 
types (Rodriguez-Pena et al. 2007). 

2. The sucrose-to-hexose ratio is probably partly a 
reflection of easier postsecretion inversion in exposed 
nectar in full sunlight. Again, Petanidou (2005) con¬ 
firmed differences across families in her own analysis 
of Mediterranean plants, with high-sucrose ratios in 
Lamiaceae, and low sucrose levels in Liliaceae and 
Apiaceae, findings that might support the inversion 
theory because the latter two families generally have 
flowers of more open/exposed architecture. Galetto 
and Bernardello (2003) found similar phylogenetic ef¬ 
fects in Argentinian plants but no clear pollinator-re¬ 
lated effects. 

3. There is a possible link to the action of microbes 
in the nectar. Exposed nectar will be more prone to 
invasion by airborne fungal spores and bacteria, which 
could introduce invertase activity and give rise to 
hexose sugars. Interestingly Baker and Baker noted 
this effect themselves, reporting that in Costa Rica the 
nectar of Inga vera changed from sucrose-dominated 
just after anthesis in the afternoon (r = 1.78 at 1600h), 
when hummingbirds and bees visited, to a rather sour¬ 
smelling product some hours later with much more 
hexose (r = 0.50 at 1800h), when the flowers were vis¬ 
ited by bats, the effect being “possibly under the influ¬ 
ence of microorganisms,” an effect also suggested by 
Salas Duran (unpublished, cited by H. Baker and Baker 
1983) working with this species. C. Herrera et al. 
(2008) showed a strong link between microbial abun¬ 


dance and nectar composition in three bumblebee-pol¬ 
linated plants, with increasing fructose levels, and thus 
potential deleterious effects on pollinators, as the den¬ 
sity of the yeast increased. The same group of re¬ 
searchers (C. Herrera et al. 2009) found that around 
30%-40% of all nectars tested across three different 
plant communities contained yeasts, those with high 
yeast content being favored by bumblebees but nega¬ 
tively associated with solitary-bee visits. When inter¬ 
preting such findings it must be borne in mind that 
visiting pollinators can themselves add microbes to 
nectar and so influence its subsequent composition 
(e.g., Canto et al. 2008). 

4. Nectars vary more in field conditions than in 
greenhouses, again indicating that there are biotic in¬ 
fluences from exposure and/or visitation, perhaps es¬ 
pecially involving yeasts (Canto et al. 2007). 

For all these reasons, the type of sugar present in 
nectar may be largely irrelevant, primarily a conse¬ 
quence of phylogeny and exposure of the nectar to the 
environment, and there may be rather little actual 
causal or adaptive link between sugar composition and 
pollinator type. That conclusion is also supported by 
observations that as some nectars age, they have a de¬ 
creasing proportion of sucrose; and that there is ex¬ 
treme variation in nectar concentration and sugar com¬ 
position even within a plant patch, or more dramatically, 
even within separate nectaries of a single plant, as is 
the case for hellebores (C. Herrera, Perez, et al. 2006). 
The counterobservation that in some plant species the 
sugar ratios are surprisingly constant between plants 
and across flower ages may be explained by the exis¬ 
tence of defenses against microbial action in some 
nectars, as discussed in the section Other Nectar Con¬ 
stituents and Properties, below. 

Data on this issue, although still widely quoted in 
the literature (and often supported by later workers 
where the same problems could have occurred), are 
therefore not generally included in later discussions of 
particular syndromes in chapters 12-18. 

Amino Acids 

Most nectars contain small but measurable quantities 
of amino acids, which often constituting the second 
most abundant constituent after sugars, and these have 
again been proposed to have adaptive significance for 
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Table 8.3 

Amino Acid Levels in Nectars 


Main pollinator type 

Mean amino acid 
concentration (pmol mb') 

Carrion and dung flies 

12.50 

Butterflies 

1.50 

Most moths 

1.06 

Wasps 

0.91 

Bees 

0.62 

Most flies 

0.56 

Hawkmoths 

0.54 

Hummingbirds 

0.45 

Bats 

0.31 

Perching birds 

0.26 


Source: Modified from H. Baker and Baker 1973, 1986. 


some pollinators (H. Baker and Baker 1973, 1986, 
1990). The data shown in table 8.3 for particular pol¬ 
linator types suggest high values of amino acids for 
carrion flies, moderate levels for most lepidopterans 
and bees, and very low levels for all birds and bats. 
These levels seem to match the particular animals’ 
need for nitrogen, which is usually obtained from pro¬ 
tein in the diet. Thus, within the insects, butterflies 
(who are normally taking only nectar as adults) gener¬ 
ally obtain nectars with more amino acids than do bees 
(who can meet their nitrogen needs from pollen). For 
the vertebrates, both birds and bats take some insects 
in their diet as well as floral nectar, and bats also tend 
to eat some pollen, so neither taxon has much need for 
amino acids in the nectars they imbibe. 

However, the significance of this apparent correla¬ 
tion of amino acid levels with pollinator needs has been 
doubted (e.g., Willmer 1980, Gottsberger et al. 1984, 
1990), partly because of technical issues relating to 
collection and measurement. There are two key argu¬ 
ments, both linked to the underlying correlation of nec¬ 
tar volumes and concentrations (V and C) found in par¬ 
ticular kinds of flowers with particular visitor types: 

1. Flowers are rather easy to damage with the glass 
microcapillaries used when collecting nectar, 
which can leach amino acids from the plant tissues 
into the nectar; this damage is particularly likely 
when sampling low volumes of sticky nectar from 
flowers. Both natural visitation and repeated sam¬ 


pling by capillary can lead to reports of raised 
amino acid levels (Willmer 1980). Likewise, it is 
rather easy to displace pollen grains into nectar in 
a narrow tube when sampling, and just a few 
grains of Hibiscus pollen can greatly increase the 
recorded amino acid level in the flower’s nectar 
(Gottsberger et al. 1990). 

2. Nectars with low sugar concentrations have lower 
viscosities and tend to produce relatively larger 
diffuse spots when deposited onto filter papers for 
colorimetric amino acid testing, even if constant 
volumes are collected and applied. Thus, the more 
dilute nectars from the long, tubular moth, bird, 
and bat flowers automatically tend to produce an 
apparently lower concentration of amino acids. 

Where sample volume and spot size were con¬ 
trolled for during collection, some of the differ¬ 
ences reported in table 8.3 tended to disappear. 

On this basis, there is little evidence that amino acid 
levels in nectar are important to, or even detected by, 
most flower visitors (e.g., Gardener et al. [2003] for 
tropical stingless bees, Leseigneur et al. [2007] and 
Nicolson [2007] for sunbirds). It should also be noted 
that the amino acid concentration in any given species 
is fairly variable anyway, markedly more so than ami¬ 
no acid composition (Gardener and Gillman 2001), 
and can change significantly with the age of the flower 
(Gottsberger et al. 1990). Moreover, recent analyses 
using reliable high-pressure liquid chromatography 
(HPLC) techniques (rather than colorimetry) have 
largely confirmed the absence of a relationship be¬ 
tween amino acid levels and life form or flowering 
season, and very little effect of the taxon (e.g., Petani- 
dou et al. 2006). These authors, working with Mediter¬ 
ranean plants, did find a relationship between phenyla¬ 
lanine and y-aminobutyric acid (GABA) contents and 
pollinator preference, especially for longer-tongued 
bees; they proposed that in hot climates, where nectar 
is often very concentrated, amino acids may be more 
effective as phagostimulants than sugars, and phenyla¬ 
lanine is a known stimulant for honeybee feeding. 

Are there any adaptive effects relating to amino ac¬ 
ids in nectar? There are indeed some indications that 
certain butterflies do prefer higher amino acid con¬ 
tents, as provided by Erhardt and Rusterholz (1998) 
with Inachis and by Mevi-Schutz et al. (2003) with 
Coenonympha ; in the latter case the level of prefer¬ 
ence varied with the quality of the larval food plant, 
and hence the need for nitrogen. A preference for 
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Proline concentration (mM) 



Redrawn from Carter et al. 2006.) 


amino-acid-rich nectars may enhance the butterflies’ 
fecundity (Mevi-Schtitz and Erhardt 2005) and sup¬ 
port the longer lifespans in tropical species (Beck 
2007) or both. Carter et al. (2006) also reported that 
honeybees exhibited a specific preference for proline 
in nectar (fig. 8.4), having identified proline as an es¬ 
pecially dominant amino acid in Nicotiana nectar; 
they proposed that this may be related to insects’ use 
of proline as a fuel during flight initiation. One other 
potentially adaptive effect occurs in extrafloral necta¬ 
ries, where ant-defended plants sometimes offer nectar 
with higher amino acid levels and/or reduced sucrose, 
both of which are known to be preferred by ants (Heil 
et al. 2005; and chapter 25), thus helping to keep the 
ants away from the floral supplies. 

Other Nectar Constituents and Properties 

Nectar may contain very small amounts of other sol¬ 
utes in addition to sugars (Kearns and Inouye 1993), 


and until quite recently these were thought to be unim¬ 
portant in structuring visitor activities. Lipids, anti¬ 
oxidants, and traces of some deterrents found in 
plants—alkaloids, phenolics, glycosides, etc.—have 
all been detected and may occur in more than half of 
all floral nectars. In at least some cases, these defen¬ 
sive compounds may be induced in the nectar (as in 
other plant tissues, including corollas) by the actions 
of herbivores damaging the foliage (Euler and Bald¬ 
win 1996; S. Strauss et al. 1999; Adler et al. 2006), and 
the nectar can thus become toxic. However, toxicity 
can also be constitutive rather than induced (Adler 
2000), and bees often die quite rapidly after visiting 
certain flowers (e.g., species of Caesalpinia, del Lama 
and Peruquetti 2006). Quite probably some such cases 
are merely coincidental, since the secondary compo¬ 
nents of nectar may just be an unavoidable side effect 
of leaf defense, being contaminants released as the 
plant delivers an extract of its own phloem across a 
leaky surface. 

More recently, however, attention has focused on 
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the possible adaptive significance of some of these de¬ 
fensive constituents in nectar. Rhoades and Bergdahl 
(1981) had earlier suggested that secondary com¬ 
pounds in nectar could have two different roles: 

1. A restricted role in deterring illegitimate floral vis¬ 
itors, following from an early suggestion by Jan- 
zen (1977) that nectar deterrents to certain animals 
(especially ants, which might otherwise interfere 
with pollination) could be common. 

2. A broader role in helping to sort out pollinator 
types. Here an example may be the pollination of 
the milkweed Pachycarpus grandiflorus by Hemi- 
pepsis pompilid wasps (plate 20F); the open flow¬ 
er is visually cryptic with copious exposed nectar 
that appears to make specialized pollination un¬ 
likely, but Shuttleworth and Johnson (2006) found 
that bees were deterred by the nectar while the 
wasps were not. 

The general issue of ant-deterrent nectar has largely 
been disproved (Feinsinger and Swarm 1978; Haber et 
al. 1981), because most nectars are highly attractive to 
ants; in practice, flowers have alternative mechanisms 
to keep ants out of or away from flowers (Guerrant and 
Fiedler 1981; chapters 24 and 25). However, some 
nectar constituents have proved to have a repellent or 
defensive role. For example, avocado nectar is disliked 
by honeybees perhaps because of its high mineral con¬ 
centrations (Afik et al. 2007). Adler and Irwin (2005) 
manipulated the levels of the alkaloid gelsemine in 
wild jessamine plants ( Gelsemium sempervivens ), and 
thus in the nectar, and found reduced visitation by both 
pollinators and nectar robbers when alkaloid levels 
were raised, with pollen export reduced by up to a half, 
although pollen receipt and fruit set were unaffected. 
They proposed that secondary compounds in nectar 
have more costs than benefits (Irwin and Adler 2008). 
However, working with the same plant, Gegear et al. 
(2007) noted that the level of deterrence to pollinators 
was strongly dependent on the context and the avail¬ 
ability of alternative nectar sources, so that the costs 
could be highly variable. Liu et al. (2007) similarly 
pointed out that the sugar concentration of the nectar 
served as part of the context, so that phenolics in nec¬ 
tar could be attractive to bees when C was 15%-35% 
but was deterrent outside this range. Intriguing results 
from Singaravelan et al. (2005) indicated that some 
secondary compounds (including caffeine and nico¬ 
tine) had no deterrent effect for Apis when added to 


nectars and might even have acted as stimulants that 
produced dependence or addiction. 

Many of the defensive compounds known in nec¬ 
tars are volatiles and therefore overlap with the issue 
of nectar scents. These are rather unexplored, but some 
nectars do take up scent from adjacent floral tissues 
and some have novel scents of their own (Raguso 
2004b). Defensive volatile scents in Nicotiana include 
nicotine (Kessler and Baldwin 2007), which repels 
moths in particular, thus reducing their foraging time 
and nectar removal, but because it also increases the 
number of visits, it may favor outcrossing and permit 
a lower nectar reward to be offered; and the nicotine 
also has a benefit in deterring nectar-thieving ants. It 
seems likely that attractively scented nectars could be 
helpful to both plant and pollinator, perhaps providing 
an honest signal of reward status to incoming visitors. 

Nectar taste may be important to some bees and to 
butterflies and is likely to be largely due to amino acids 
(Gardener and Gillman 2002); this area is not well ex¬ 
plored, although we noted above that phenylalanine is 
favored by bees, for which it is a known phagostimu- 
lant. Proline may also have a specific role in taste, 
since it can trigger the normal insect salt-receptor neu¬ 
rons and so initiate feeding. In certain aloes, floral nec¬ 
tar with a high phenolic content also produces a taste 
effect, being very bitter, and this appears to deter hon¬ 
eybees and sunbirds while being attractive (either by 
its taste or by its brown color, or both) to the bulbul 
birds that are the most effective pollinators (Johnson et 
al. 2006). Bitter nectar in Nicotiana plants apparently 
enforces modest drinking behavior on visiting hum¬ 
mingbirds, so that they move around more, whereas it 
has little effect on hawkmoths (Kessler et al. 2008). 
The presence of ammonia in Lathraea nectar could 
also be cited here as a case of deterrence by taste, 
keeping birds away from the flowers but being accept¬ 
able to bumblebees (Prys-Jones and Willmer 1992). 

A further aspect of nectar composition that has only 
recently received scientific attention is that of nectar 
color and the pigments that produce it. Colored nectar 
is rare, but it can be found in at least 67 taxa world¬ 
wide, with a broad taxonomic spread, indicating at 
least 15 separate evolutionary origins (Hansen, Oles- 
en, et al. 2007). Yellow, orange, and red are the most 
common colors found, but green and blue also occur, 
as do brown and almost black. Colored nectar appears 
rather often in island plants and with species growing 
at altitude, but its most obvious association is with 
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vertebrate pollination. In the most famous case, col¬ 
ored nectar occurs in the Mauritian plant Trochetia 
blackburniana, where the brightly colored red nectar 
contrasts with the central white coronal color, and this 
coloring has now been firmly linked with lizard polli¬ 
nation (chapter 17; Hansen et al. 2006). The Phelsuma 
geckos of the island strongly prefer the colored nectar 
to clear nectars. The nectar color may act as an honest 
attractant signal of nectar availability, or alternatively 
as a deterrent signal to thieves (or of course both of 
these); it could also be that the pigments responsible 
are useful antimicrobials. 

This brings us neatly back to the fact that some nec¬ 
tars do invert or ferment rather easily, so changing 
their sugar composition when fungal spores or other 
microbial contaminants enter the nectar. The nectar 
accumulates ethanol and may become intoxicating; it 
can make bees drunk (e.g., when foraging at some rho¬ 
dodendrons). Ehlers and Olesen (1997) reported fer¬ 
mentation in Epipactis orchids and noted it made 
wasps more sluggish, helpful from the plant’s point of 
view as it prolongs their visits and decreases their 
chances of avoiding pollinia attachment. Since the 
wasps import some fungal spores and bacteria as they 
visit, they may in practice be responsible for making 
their own nectar resource alcoholic. Nectar yeast may 
also warm some winter flowers (Herrera and Pozo 
2010). Strongly alcoholic nectar produced by yeast 
fermentation also occurs in the palm Eugeissona tris- 
tis, which emits a strong brewery odor. The fluid is 
drunk in substantial quantities by tree shrews and other 
small arboreal mammals, although they show no signs 
of intoxication (Wiens et al. 2008) and may well be 
effective pollinators (see chapter 17). 

Microbial inhibitors in nectar may have an impor¬ 
tant role in preventing inversion or fermentation in 
many plants, and there is increasing evidence of such 
nectar components serving as part of the floral defense 
system (Carter and Thornburg 2004; Nicolson and 
Thornburg 2007). Proteins identified in nectar (nectar- 
ins), particularly from leeks ( Allium ) and tobacco 
(Nicotiana), have antibiotic effects. In tobacco they 
form part of a novel biochemical pathway that pro¬ 
duces hydrogen peroxide. In the nectary tissue this 
compound is a potent microbial inhibitor, derived from 
an NADPH oxidase (Carter et al. 2007), and the whole 
system is termed the nectar redox cycle, which is now 
thought to be quite widespread in angiosperms. 

A summary of possible effects of nectar constitu- 
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Figure 8.5 A summary of possible effects of nectar constituents on 
pollinators and on unsuitable flower visitors. (Modified from Branden¬ 
burg et al. 2009.) 


ents on floral visitors is given in figure 8.5, which 
shows the interactions of primary and secondary com¬ 
pounds on attraction and deterrence of different visi¬ 
tors (Brandenburg et al. 2009). 


4. Nectar Volume 

The volume of nectar (V) is usually easy to measure 
from the length of a column of the fluid when it is 
drawn up into a volumetric microcapillary (e.g., be¬ 
fore the same sample is dispensed onto a refractome- 
ter for concentration measurement, as discussed in the 
section Nectar Concentration and Viscosity, below). A 
single microcapillary will serve for most flowers (1,5 
or 10 pi), although for bird and bat flowers it is often 
necessary to use larger collection tubes or to resample 
several times until the flower is emptied. For very nar¬ 
row flowers, such as composites, or for very small vol¬ 
umes or where the concentration is so high that the 
fluid will not rise into the capillary, volume measure¬ 
ments are much more difficult; some estimate can be 
obtained from centrifuging composite flowers (e.g., 
Tepedino and Parker 1982; Nuttman and Willmer 
2008) or by simply counting the visible droplets on an 
open inflorescence (e.g., Apiaceae or Proteaceae), 
which can give a reasonably reliable value (S. Lloyd 
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et al. 2002). Where volumes are very small, samples 
can also be collected with filter-paper wicks to allow 
total sugar estimates, but concentration values are then 
highly inaccurate. Washing out the flowers with water 
may be the best alternative (Morrant et al. 2009), but 
this method probably underestimates the amount of 
sugar present. 

The nectar volume per flower is a major determi¬ 
nant of the interaction between a flower and any visi¬ 
tor, because of the essentially conflicting selective 
forces operating on plant and animal. The plant will 
benefit from keeping V as low as possible, minimizing 
its own costs (e.g.. Harder et al. 2001) and ensuring 
that the visitor moves on to more flowers (taking with 
it the essential pollen that can ensure male success in 
the next plant generation). But V must not be so low 
that the visitor “gives up” on that floral species. In 
contrast, the visiting animal will benefit from visiting 
as few flowers as possible, each with as large a V as 
possible; ideally it would fill up all its gut capacity 
from one flower, remaining relatively sedentary, and 
incidentally transferring minimum pollen around the 
system. 

Nectar volume should therefore be under strong se¬ 
lection and amenable to genetic dissection, although 
research in this area has only just begun (Mitchell 
2004). Boose (1997) estimated a heritability of 0.64 
for nectar production in a hummingbird-visited plant 
(Epilobium canum), although that number was not 
based on detailed genetic analysis. Work with Petunia 
species in controlled conditions (Galliot, Hoballah, et 
al. 2006) confirmed the presence of syndrome-related 
volume effects, with consistent tenfold differences 
(means of 1.2 pi in bee-pollinated P. integrifolia and of 
13-23 pi in hawkmoth-pollinated P. axillaris, which 
has much longer corollas); this could be traced to four 
minor quantitative trait loci (QTL), which (using an 
intermediate cross) summatively accounted for ap¬ 
proximately 30% of the differences in V. In Mimulus, 
however, control was linked to a single major QTL, 
whereby about 41% of the difference in mean volumes 
between two related species could be explained (Brad¬ 
shaw et al. 1995), and in this genus hummingbirds (but 
not bees) were readily able to distinguish the nectar 
volume effects of artificial allele substitutions in hy¬ 
brids (Schemske and Bradshaw 1999). 

The “correct” volume of nectar dispensed per flow¬ 
er should therefore vary greatly according to its prin¬ 
ciple visitor/pollinator type (e.g., Faegri and van der 


Pijl 1979; Cruden et al. 1983). A typically bat-pollinat¬ 
ed plant may need to produce several millilters per 
flower; quoted average figures include Ochroma 7.5 
ml/flower, Parkia 5.7 ml/flower, and Agave 2.0 ml/ 
flower, although only 100-200 pi was recorded in vari¬ 
ous bat flowers within the Gentianales (Wolff 2006), 
whereas Tschapka (2004) extracted samples varying 
from 100 pi up to 21 ml from various coflowering bat- 
visited species in Costa Rica. Hummingbird flowers 
also contain high volumes (though rarely as high as 
the upper end of the bat-related scale). Both these visi¬ 
tor types are relatively large and endothermic, so they 
have high energy demands (chapter 10). In contrast, a 
fly-pollinated generalist flower may dispense almost 
unmeasurable amounts, less than 0.05 pi. Bee flowers 
should come somewhere in the lower-middle range of 
this spectrum, commonly with a mean reward of per¬ 
haps 0.1-10 pi, reflecting both the fact that bees are 
generally somewhat larger and more expensive to fuel 
(given the demands of their partial endothermy) than 
are flies, and that bees are also gathering resources for 
their progeny as well as for their own individual needs. 
Figure 8.6 shows values for maximum volumes dis¬ 
pensed by flowers as collated by Opler (1983) for 
tropical plant species. 

However, generalizations about nectar volume in 
the field lead immediately to two important problems, 
which bedevil the literature on nectar availability in 
flowers: 

1. Nectar secretion patterns and replenishment (top- 
up) patterns vary greatly both between and within 
species, so that there is massive temporal compo¬ 
nent of variation in nectar rewards, which will be 
considered further in section 7, Nectar as a Water 
Reward, below. 

2. At any given time, there is very considerable vari¬ 
ation in nectar reward between flowers within a 
plant (e.g., Pleasants and Zimmerman 1983; Pos- 
singham 1988; Real and Rathcke 1988; Boose 
1997; and see below and chapter 23 on “empty” 
flowers) and between different adjacent plants of 
the same species (e.g., Leiss and Klinkhamer 
2005a; Leiss et al. 2009). 

In fact, the distribution of recorded nectar volumes in 
a given species is usually left-skewed (fig. 8.7) and ap¬ 
proximates to a negative exponential (G. Bell 1986; 
and references in F. Gilbert et al. 1991); some flowers 
are very rewarding and others nearby are almost empty. 


Frequency Nectar volume secreted in first hour (pi) Maximum nectar volume (pi) 
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Figure 8.7 Volumes per flower in nectar production are 
generally strongly left-skewed: (A) across species, vol¬ 
umes in first hour of opening, for 47 temperate species 
ordered by rank; (B) within a species, volumes for 
standing crop of nectar in Polemonium foliosissimum. 
(Redrawn from F. Gilbert et al. 1991.) 
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This remains true even when visitation has been pre¬ 
cluded, so it is not merely that some flowers have just 
been emptied by another forager. Nor is it necessarily 
the result of genetic differences, although there may be 
some spatial aggregation of higher-reward plants af¬ 
fecting genetic structures (Leiss et al. 2009). And it is 
not just environmentally determined, for while it is 
true that insolation can enhance nectar secretion (e.g., 
Rathcke 1992), the patterns of variation often show 
little relation to sun-shade patterns on a plant. Rather, 
extensive variation appears to be a common pattern, 
particularly where flowers are organized into complex 
inflorescences, indicating that it pays to have “blanks” 
and “bonanzas” among the flower population (Brink 
1982; Thakar et al. 2003). 

Why should this be so? It may be that it keeps a 
visitor somewhat uncertain but prepared to persist be¬ 
cause it might find the occasional bonanza flower. 
However, there are also alternative explanations that 
rely on different visitor responses: Biernaskie et al. 
(2002) showed that high variance in nectar volume 
(and hence reward) could lead to foragers making few¬ 
er flower visits when working on a variable inflores¬ 
cence, so again promoting outcrossing. Whatever the 
cause, this spatial variation markedly affects the tem¬ 
poral aspects of flower visitation. Biernaskie and Car- 
tar (2004) also reported that the variability in nectar 
per flower was positively correlated with the size of 
the floral display, so that “risk-averse” foragers would 
often leave a highly floriferous patch after just a few 
visits, again ensuring that there was not too much in¬ 
traplant (potentially geitonogamy-inducing) move¬ 
ment. Moreover, plants with low overall nectar pro¬ 
duction may have a selective advantage within a patch 
by benefitting from the enhanced local-pollinator at¬ 
tention; although at a population level, the higher-re- 
ward plants would have the advantage (Leiss and 
Klinkhamer 2005a). This issue of “empty” flowers is 
considered further in chapter 23 as a form of cheating 
by an individual plant. 

There are further sources of variation in V that 
might be mentioned here. One is that some flowers can 
in effect partition their nectar, having an easily ac¬ 
cessed nectar pool as well as a more difficult-to-access, 
somewhat hidden supply. A good example is the desert 
willow Chilopsis (Whitham 1977), where there is a 
pool of up to 8 pi of nectar overlying a further supply 
(about 1 pi) contained within five radiating grooves 
and taking up to ten times longer to extract. Whitham 


showed that bumblebees would just take the easily 
reached pool nectar when supplies were good but 
would stay and drain the dregs when nectar became 
scarce. Many flowers were visited twice, once by well- 
fed bumblebees and then later either by hungry, 
stressed bumblebees or by smaller, less energy- de¬ 
manding solitary bees, for which 1 pi of nectar was a 
valuable reward. This kind of nectar partitioning may 
be more widespread than currently realized. 

Another source of variation is that some flowers 
can at least partially resorb nectar that has not been 
gathered by the end of a day or a flower’s lifetime or 
once the flower is pollinated. This aspect of nectar 
supply has been somewhat neglected but is now well- 
documented in many genera across both monocots and 
dicots (Nicolson 1995; Nepi et al. 2001; Pacini and 
Nepi 2007; Nepi and Stpiczynska 2008). Resorption 
can occur even from storage sites in nectar spurs 
(Stpiczynska 2003). Nectar resorption would most 
obviously pay off when a plant is unvisited for a sub¬ 
stantial period or is reaching its natural age limit; but it 
also occurs after pollination in the case of at least a 
few cucurbits and orchids (Koopowitz and Marchant 
1998; Luyt and Johnson 2002; Nepi and Stpiczynska 
2007), and the sugars that are resorbed can then be 
diverted to the growing ovules, giving the plant a sub¬ 
stantial resource recovery. And of course a resorption 
system also gives many plant species an ability to 
regulate the values of V and C on offer even more 
precisely. 

A third kind of variation, as yet largely unexplored, 
is the effect on V from the supply side as the plant’s 
cellular structure changes in responses to edaphic or 
environmental variation. For example, Petanidou et al. 
(2000) found that the stomatal opening on nectaries 
decreased in the summer, when water was scarce. 

5. Nectar Concentration and Viscosity 

Nectar concentration (C) is almost invariably mea¬ 
sured via the related property of refractive index with 
handheld refractometers, giving a reading in percent 
(this is % w/w, or percent of sucrose equivalents, or 
how many grams of sucrose are present per 100 g of 
solution). The common range of C encountered in 
temperate flowers is 20%-50%, rising toward 70% in 
warm conditions on sunny days. Mean C values are 
usually rather less in flowers from the moist tropics 
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(sometimes only 5%-10%), and they may be higher in 
hot arid conditions, with a maximum at about 75%. 

Nectar can be taken up by animals either by capil¬ 
lary adhesion or by suction (Kingsolver and Daniel 
1995; Krenn et al. 2005), and many nectarivores use a 
combination of both. Mouthparts that use adhesion 
and capillarity tend to be wettable apically and to per¬ 
form visible licking or lapping motions; those that use 
suction tend to be much longer and remain motionless 
while feeding. These differences have important con¬ 
sequences in relation to nectar concentration. 

In earlier literature, specific “mean” figures for pre¬ 
ferred concentrations were sometimes quoted—for 
example, bats were said to prefer 17%, hummingbirds 
21%, hawkmoths 27%, and bees 46%—but these kinds 
of precise averages are unhelpful, because they mask 
enormous variation. However, table 8.4 shows that dif¬ 
ferent visitors do prefer particular concentrations, or at 
least concentration ranges, when they select among 
flowers. Note that this table gives values for nectar 
commonly found in flowers visited by particular ani¬ 
mal types that reasonably match the so-called prefer¬ 
ences, but it also gives values for the optimal concen¬ 


tration for fast intake as recorded in laboratory work, 
and these do not necessarily match up with apparent 
preferences; we will return to this discrepancy below. 
Nevertheless, generalizations as in the table do reflect 
one simple reality: animals with longer tongues cannot 
drink more concentrated nectars. This arises primarily 
as a consequence of viscosity effects—a concentrated 
sugar solution becomes too sticky and viscous to rise 
up or be sucked up a long thin tube. And the effect is 
not linear, since viscosity rises exponentially with C, 
so that a 60% sugar solution is roughly 28 times as 
viscous as a 20% solution. Concentrated nectars can¬ 
not travel fast enough up the long hollow tongue of a 
butterfly or bee, so the rate of gaining food is too low 
to be profitable. There is therefore an optimum con¬ 
centration for a given tongue length and type to achieve 
the best rate for acquiring calories. At low concentra¬ 
tions this rate is limited by the low energy content of 
the nectar, and at high concentrations, it is limited by 
viscosity. The optimum will vary primarily with 
mouthpart morphology, but also with aspects of be¬ 
havior (for example, a visitor that can hover will make 
only short individual-flower visits and so may need 


Table 8.4 

Visitor Preferences for Nectar and Optima for Nectar Uptake 



Mean in 

flowers 

(%) 

Preferred 

concentration 

(%) 

Optimum 

concentration 

(%) 

Reference 

Butterflies 

17-40 


30-40 

May 1985, 1988, 1992; Hainsworth 

Hawkmoths 
Short-tongued bees 
Euglossine bees 

38 

34-42 

34 

45-60 

et al. 1991; Boggs 1988 
josens and Farina 2001 

Roubik and Buchmann 1984 

Roubik et al. 1995; Borrell 2007 

Stingless bees 


35-45 

60 

Roubik and Buchmann 1984 

Bumblebees 

36 

30-55* 

50-65 

Pyke and Waser 1981; Harder 1986 

Honeybees 


30-50* 

60 

Roubik and Buchmann 1984 

Hummingbirds 

20-25 

20-25 

40-45 

Hainsworth and Wolf 1976; Cruden et al. 

Sunbirds 

21 


30 

1983; Nicolson and Fleming 2003 
Beuchat and Nicolson, cited by 

Honeyeaters 

Bats 

15-20 

60 

30-50 

Nicolson 2007 

Mitchell and Paton 1990 

H. Baker et al. 1998; Winter and Von 


Helversen 2001 


exceptionally variable, with colony status and environmental conditions. 
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quicker uptake than another visitor that is foraging by 
crawling over the flowers). 

Hence there is an extensive literature on the ten¬ 
dency of long-tongued hummingbirds, bats, and lepi- 
dopterans to seek dilute sources, often 15%-30%, and 
on the preferences for higher nectar concentrations in 
other insects (usually >30%). Bees vary considerably 
in tongue length (chapter 18), but very roughly speak¬ 
ing, the longer-tongued species may feed better with 
30%-50% nectars, and short-tongued ones may be 
able to cope with 45%-60% solutions. At the far ex¬ 
treme, flies (mostly with quite short lapping probosces 
rather than sucking tongues) can take nectar concen¬ 
trations up to 65%-70% (and even beyond, to the point 
where the nectar is effectively crystalline, since they 
can then regurgitate some saliva into it and lap up the 
resultant fluid). Not surprisingly, then, there is a rea¬ 
sonably good relationship between flower type and 
nectar concentration, with lower values of C in the 
long tubular flowers preferred by long-tongued insects, 
and more concentrated nectars in the open flowers 
with exposed nectaries that are more often visited by 
flies and short-tongued bees. 

These relationships, however, lead us into a classic 
“chicken and egg” dilemma, since nectar in open flow¬ 
ers will naturally tend to evaporate and become more 
concentrated through time (section 9, Postsecretory 
Changes in Nectar: How Flowers Control Their Nec¬ 
tar and Their Pollinators, below). We will later look 
more carefully at the concentration and timing of se¬ 
cretions and at methods to protect nectar from postse¬ 
cretion effects to determine if the nectar is really pro¬ 
duced or maintained at preferred and hence “adaptive” 
concentrations. 

It should also be noted that nectar concentrations 
probably bear some phylogenetic imprint, so that with¬ 
in one taxon, such as the Gentianales (from a tropical 
site), the mean C values for bat, bird, and moth flowers 
were 14%-17% as expected, but the mean C for bee 
and fly flowers only rose to 25%-31% (Wolff 2006). 

Occasionally flowers are able to offer different con¬ 
centrations of nectar at the same time. This situation 
could readily arise where some was stored in a protec¬ 
tive nectar spur while the rest was more exposed with¬ 
in the corolla. In fact, spurs themselves can provide a 
way of varying the nectar concentration, since Martins 
and Johnson (2007) reported gradients of C along their 
length in angraecoid orchids, from 1% at the mouth to 
around 20% at the tip; they proposed that this sets up a 


“sugar trail” that entices hawkmoths to probe deeper 
in to the spur, while at the same time deterring inap¬ 
propriate short-tongued visitors. Other spurred flowers 
may have similar gradients (Martins, pers. comm.), 
but these are largely unexplored. More rarely, varia¬ 
tion in the offered concentrations is achieved where a 
droplet of fluid hangs out of a flower and becomes 
more concentrated than the bulk nectar within (e.g., in 
Anagyris [Valtuena et al. 2007], where the main polli¬ 
nators are perching birds requiring the more dilute 
supply). 

In passing, note that sugar concentration is not the 
only determinant of viscosity in nectar, since there are 
several reports of unusually viscous and almost gel¬ 
like nectars in flowers with otherwise dilute nectar, 
possibly due to the incorporation of polymers. The 
rodent-pollinated lily Massonia (plate 28F) in south¬ 
ern Africa has nectar with a sugar concentration of 
around 20% but high viscosity (S. Johnson et al. 2001), 
and the authors speculated that this discourages rob¬ 
bing by insects while facilitating lapping by rodents. 
The Mediterranean Phlomis fruticosa also has an un¬ 
usually high viscosity in one of its floral morphs 
(Petanidou and Smets 1995), perhaps helping to delay 
sucrose breakdown in these long-lived flowers. Some 
species of nocturnal bat-pollinated Musaceae, includ¬ 
ing Musa , produce gelatinous nectar too, with a muci¬ 
laginous secretion added to otherwise normal nectar 
(Fahn and Benouaiche 1979). Most strikingly, some 
Combretum species in Brazil secrete a ring of “nectar” 
as a sugary gum surrounding the style, which is 
plucked off and swallowed by passerine birds, and at 
the same time they also acquire some pollen on their 
heads (M. Sazima et al. 2001). 

Returning to the question of optimal nectar concentra¬ 
tions for maximum ingestion rates, which are also 
shown in table 8.4, it is noticeable that these occur 
rather often at higher ranges of C than those of the 
nectar normally chosen in the field (e.g., Roubik and 
Buchmann 1984 for bees). The calculated optima de¬ 
pend on the feeding mechanism (capillary action or 
suction); details are considered for each pollinator 
group in later chapters. But most studies modeling 
nectarivore tongue actions (Josens and Farina 2001; 
Borrell 2007) have found that intake rate is determined 
largely by viscosity (fig. 8.8), and caloric intake is 
highest at unexpectedly high C values. There are a few 
caveats here; for example, hawkmoths and honeybees 
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Figure 8.8 The relation between intake rate and nectar vis¬ 
cosity (here tested with Euglossa bees): when viscosity is 
kept constant but sugar varies, intake rate is constant, but 
when sugar is constant and viscosity varies the intake rate 
slows dramatically at high viscosities. (Redrawn from 
Borrell 2006.) 


can vary their feeding rate in relation to perceived 
sweetness as well as viscosity. There is also a marked 
viscosity-temperature interaction (with an inverse pro¬ 
portionality), so that an animal feeding on warmer 
nectar, in tropical or semi-arid climates, will have few¬ 
er problems with overly viscous nectar (Heyneman 
1983), and both the warmer nectar and the warmer 
body temperature can lead to significantly greater in¬ 
gestion rates. But why are the optima recorded in labo¬ 
ratory studies higher anyway? Some hints will be 
found in later chapters on particular groups, but one 
factor is probably the provision of a separate plentiful 
water supply in most laboratory work, whereas in na¬ 
ture most foragers have to get their water supply from 
the flowers as well, and this may well lead them to 
select more dilute sources than optimal caloric input 
would dictate (section 7, Nectar as a Water Reward , 
will pick up on this point). But the discrepancies are 
also at least partly because, like so many other floral 
traits, nectar characteristics may be under opposing 
selective pressures from other agents, such as nonpol¬ 
linating flower visitors or nectar thieves or even herbi¬ 
vores. In particular, nectar robbing (chapter 24) can 
vary with nectar concentration (Irwin, Adler, and 
Agrawal 2004), robbers having either similar or differ¬ 
ent preferences to pollinators (e.g.. Gardener and Gill- 
man 2002), so that some flowers may keep nectar di¬ 
lute to deter robbers such as ants which tend to like 
nectar at 40%-50% (e.g., Paul and Roces 2003). 

Few studies have definitively tested whether V or C is 
the key element in preferences. However, Cnaani et al. 


(2006) altered the nectar concentration and volume 
separately in artificial flowers and found that bumble¬ 
bees responded more rapidly to changes in C, even 
when profitabilities were matched. Given choices of 
40% and 13% the bees almost abandoned the dilute 
source regardless of its volume; when the choice was 
between 7 pi and 0.85 pi of the same concentration, 
the low-volume flowers still received about a quarter 
of the visits. The authors suggest that the bees may be 
able to assess C more quickly than V, or may need a 
smaller sample size for this assessment. 


6. Nectar as a Sugar and Energy Reward 

It is relatively straightforward to combine measure¬ 
ments of nectar V and C (again taking into account 
temporal and climatic effects) to get the mean total 
sugar amount per flower or to convert this to caloric 
reward for a particular species. There are three precau¬ 
tions that affect the value obtained: first, the % w/w 
values obtained from a refractometer should be con¬ 
verted to a w/v or molarity basis, either with tables or 
using an equation (Kearns and Inouye 1993; Dafni 
et al. 2005); second, a nectar dominated by hexoses 
has only 95% of the caloric value of a sucrose nectar 
(table 8.5); and third, there are possible corrections re¬ 
lating to the minor nonsugar constituents (Inouye et al. 
1980). The corrections are never very great (Nicolson 
and Thornburg 2007) but are unwisely ignored in sim¬ 
plistic studies. For temperate plant species, the final 
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Table 8.5 

Energetic Rewards of Nectar and Other Floral Rewards 


Reward 

Concentration 
(g sugar 1 00 g- 1 solution) 

Energy content (] g- 1 ) 

Reference 

Glucose 


15.7 


Sucrose 


16.5 


Nectar 20% 

20 

3.3 


Nectar 40% 

40 

6.6 


Nectar 60% 

60 

9.9 


Pollen 


21-25 

Simpson and Neff 1983 



16-28 

Roulston and Buchmann 2000 

Oils 


30-40 



calculation generally gives values in the range of mil¬ 
ligrams of sugar per flower. Calculated sugar amounts 
can be particularly useful for comparisons between 
available floral resources in a habitat and for estimat¬ 
ing foraging budgets for particular visitors. 

As table 8.5 also shows, the energy values of nec¬ 
tars are low relative to the other main floral reward 
(pollen), although this is partially offset by the rather 
high percentage of indigestible material in pollen 
grains (chapter 7), so that weight for weight, a 60% 
sugar nectar may be about as rewarding as pollen in 
pure energy terms. 

The use of nectar V and C converted to energy in¬ 
take, as calories or joules, can give a direct handle on 
the “currency” that a particular flower-foraging visitor 
might be seeking to optimize, whether by maximizing 
its net rate of energy gain, by maximizing its energy 
efficiency (rewards minus costs), or by minimizing its 
risk by selecting the floral resource with the lowest 
variance. These themes will recur in particular for 
birds, bats, and bees in later chapters. 

A complication arises in flowers that are dioecious 
or protandrous or protogynous and have different nec¬ 
tar offerings in each sexual state or phase. Female 
flowers generally have lower nectar production and 
lower energy reward than male flowers; early exam¬ 
ples were reviewed by Dafni (1984), and details for 
Rubus were given by Agren et al. (1986). In protandrous 
flowers, the male phases may produce more nectar 
than the female phases, with a difference of 65% being 


found in a gesneriad (Carlson 2007), and with an as¬ 
sociated lengthening of hummingbird visits in the 
male phase, which is indicative of strong sexual selec¬ 
tion. But this male bias is not always true; for exam¬ 
ple, in squash plants ( Cucurbita ), female flowers had 
higher C and hence higher overall sugar reward (Nepi 
et al. 2001), and the same was true (with a threefold 
difference in production) in Alstroemeria flowers (Ai- 
zen and Basilio 1998). In some cases the male and 
female flowers (or floral phases) on a plant are in par¬ 
ticular spatial relationships, which may be related to 
nectar rewards. For example, in Delphinium Waser 
(1983a) showed that the older female flowers at the 
base of the flower spike had twice the sugar (0.4 mg/ 
flower) of the younger male ones with dehiscing an¬ 
thers in the upper spike (0.2 mg/flower). Waser sug¬ 
gested this was selected for by the usual pattern of 
foraging of bees, which tend to start at the bottom of a 
spike and work upward, (fig. 3.14). By offering the 
“best” nectar flowers early on, the plant ensured that 
bees tended to keep working upward in hope of find¬ 
ing more of the bonanza flowers. But this pattern is 
not universal; for example, Arista et al. (1999) showed 
that flies tended to move downward on a spike, and 
hummingbirds seem to start at the top or the bottom 
with roughly equal frequency and move much less 
predictably (chapter 15). Furthermore, Kliber and 
Eckert (2004) showed a general trend of decreasing 
sugar reward in later flowers opening on spikes (usu¬ 
ally those toward the top) and suggested that this was 
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partly because the later (higher) flowers were more 
likely to get eaten by herbivores and were therefore 
less worthy of investing scarce resources in. Whatever 
the explanations of the patterns, though, they argue 
once again for a necessary caution in generalizing 
about floral rewards available to visitors from just a 
few flower measurements. 

7. Nectar as a Water Reward 

One further issue here, already hinted at, is that floral 
nectar, although commonly regarded merely as a sugar 
reward, can also serve as a “water” reward for some 
visitors, and perhaps especially for bees. This situation 
particularly arises in dry climates because of the po¬ 
tential water balance problems for a forager, which 
may affect its activity and flower choices. Many bees 
do not collect free water (Apis is an exception) but in¬ 
stead rely on inputs from nectar; in deserts there is un¬ 
likely to be standing water anyway. 

Perhaps the clearest example of water as a con¬ 
straint comes from work on Chalicodoma, a mason 
bee, which in Israel visits Lotus flowers. Willmer 
(1986) showed that the plant had to provide nectar that 
was sufficiently dilute to keep the bee in positive water 
balance while foraging in the hot dry climate. Mea¬ 
surements of the timing and duration of visits to differ¬ 
ent flowers, together with the assessment of body fluid 
concentrations before and after foraging trips, showed 
that the bees foraged to get a constant water input per 
trip from the nectar with relatively little regard to the 
sugar intake. Important and size-dependent water con¬ 
straints were also reported for Xylocopa bees in desert 
conditions (Willmer 1988), while Olesen (1988) spec¬ 
ulated that Echium wildpretii flowers in the arid Ca¬ 
nary Islands served as a water resource for bees, pro¬ 
viding nectar at 11%-12% concentration and being 
increasingly visited by honeybees when other water 
sources were withdrawn. Nectar that is more dilute 
than predicted from caloric optima may quite often be 
traced back to the forager’s need for water. 

However, in tropical climates there is much more 
likely to be a problem for any animal with a high en¬ 
ergy throughput of getting too much water from their 
flower visits (since they also generate very significant 
amounts of metabolic water in flight) and so having to 
unload some of this excess. This is especially true for 


bigger tropical and subtropical bee species (Willmer 
and Stone 1997b), and even for large bumblebees in 
temperate habitats (Bertsch 1984); the need to elimi¬ 
nate water may provide a nonthermoregulatory expla¬ 
nation for their habits of regurgitating nectar onto the 
tongue to allow evaporation (tongue-lashing), as well 
as causing the constant dribble of dilute excreta that 
sometimes occurs in flight. To illustrate these conflict¬ 
ing water balance problems, carefully controlled stud¬ 
ies by S. Roberts et al. (1998) showed that for flying 
Centris pallida, there was strongly positive water bal¬ 
ance at lower ambient temperatures but that this 
switched into water deficit above 31°C as evaporative 
losses persisted and metabolic heat production (and 
therefore metabolic water production) decreased. 
Thus, for many larger bees in warmer climates, water 
balance must be assessed in some detail before pre¬ 
dicting how it might impact on flower choice and nec¬ 
tar requirements. The same may apply to larger flower- 
visiting sphingid moths. 

Nectarivorous birds and bats may have even bigger 
problems and must also manage their water balance 
in relation to nectar intake. Fleming and Nicolson 
(2003) showed that excretory regulation is the main 
associated control route in Nectarinia sunbirds, which 
almost shut off water excretion when feeding on high- 
concentration nectars and have extremely dilute cloa- 
cal fluid after the intake of nectars below 10%; on the 
latter diets the birds could not maintain their energy 
balance, with solute recovery becoming too expensive 
and heat loss being compromised. Sunbirds with rela¬ 
tively low water intakes appear to be able to regulate 
the water flux from gut to body and never really absorb 
some of the water, the fraction ingested being only 
around a third at the highest intake rates (McWhorter 
et al. 2003; Nicolson 2006). However, hummingbirds, 
often taking in several times their own body mass of 
nectar per day, do appear to absorb and somehow cope 
with all of the ingested water (McWhorter and del Rio 
1999). 

For these larger animals, some other explanation is 
needed as to why nectar in their chosen flowers seems 
to be more dilute than would be optimal. One sugges¬ 
tion, which will be pursued in chapter 15, is again that 
the dilute nectar is partly used to deter illegitimate vis¬ 
its from insects, who would find nectar at 15%-20% 
concentrations quite unmanageable in terms of their 
energy budgets. 
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8. Daily, Seasonal, and Phylogenetic 
Patterns of Nectar Production 

Temporal patterns of nectar secretion vary widely, 
both in terms of the timing of onset and the rate of 
flow, between species and between individual flowers. 
The patterns may be partly determined genetically 
(Mitchell 2004; Leiss and Klinkhamer 2005b), with 
evidence of a circadian clock in some species (e.g., 
Hoya carnosa always secretes around midnight, Mat- 
ile 2006), but they are certainly also modified by envi¬ 
ronmental factors in many species. Different species 
secrete fresh nectar at different times of day, at differ¬ 
ent times in relation to the opening of the flower, or 
both; often the peak flow coincides with maximum 
pollen availability, but sometimes with stigma recep¬ 
tivity (de la Barrera and Noble 2004). This variability 
also interacts with floral longevity, since short-lived 
flowers tend to produce nectar once only and often 
rather rapidly, but in longer-lived flowers there are 
commonly regular diurnal patterns of somewhat slow¬ 
er nectar production. 

In fact a flower could offer its nectar in various dif¬ 
ferent fashions: 

1. Secrete a relatively fixed volume once only, on of¬ 
fer as the flower opens 

2. Secrete at a steady rate for a fixed period, regard¬ 
less of whether or not there is any depletion 

3. Secrete continuously during the life of a flower, 
regardless of whether or not there is any depletion 

4. Secrete with a fixed diurnal pattern, if a flower 
lasts more than one day; sometimes also linked 
with sexual phases (e.g., secrete early in the male 
phase, then cease, and secrete again one or two 
days later in the female phase) 

5. Secrete in relation to visitation, to keep a standard 
volume available by regular “topping up” (some¬ 
times termed nectar homeostasis); either for a 
fixed period or throughout the life of the flower. 
However, replenishment on this scale is far from 
cost-free because it can have negative effects on 
seed set (Ornelas and Lara 2009) by draining plant 
energy reserves. 

Which of these options is occurring can be hard to as¬ 
sess, since secretion patterns may vary somewhat in 
relation to environmental conditions (section 1, Necta¬ 
ries, above) and may also interact with the experi¬ 


menter’s chosen sampling regime. Bagging with fine 
nylon or cotton mesh is often used to prevent visitation 
in the hope that this removes a key variable and reveals 
what the flower does “naturally”; a single sample tak¬ 
en from an unvisited flower that has been bagged for 
some time (often 24 hours) is commonly quoted as be¬ 
ing representative of the “maximum nectar reward” for 
that species. However, this can often be a much lower 
V than the summed volumes from the same flower 
sampled repeatedly at intervals over the same period, 
since the flower will refill after it has been artificially 
emptied and can in reality produce much more nectar 
than is seen in a single bagged sample. In other words, 
at least for longer-lived flowers, replenishment and 
nectar homeostasis are commonly occurring. This was 
shown for example in Penstemon flowers by Castella¬ 
nos et al. (2002), in which full replenishment was 
achieved in 2-3 hours; and in Moussonia by Ornelas et 
al. (2007), where repeat-sampled flowers produced 
two to four times as much nectar as single samples had 
suggested. 

Problems can also operate in reverse though: for 
example, Carpenter (1983) sampled a range of hum¬ 
mingbird-visited plants and showed that accumulated 
nectar from a flower bagged for 24 hours was, in some 
species, of similar volume to the totals summed from 
repeat samplings through a 24-hour period (in Ipom- 
opsis, Penstemon, Castilleja) but for Aquilegia the 24- 
hour accumulated volume was much higher than the 
summed interval samples, perhaps due to corolla dam¬ 
age resulting from the sampling itself. Repeated sam¬ 
pling is always a tricky issue, even in larger bird-visit¬ 
ed flowers. And bagging a flower carries its own 
problems, which will be discussed in the next section. 

Even with these provisos, it is probable that all of 
the secretion patterns listed do occur and with no im¬ 
mediately obvious phylogenetic or biogeographic pat¬ 
terns. However, there may be some clear adaptive re¬ 
sponses, at least for when secretion starts, that are 
related to habitat or to the principle flower visitors. For 
example, most tropical bat-visited flowers begin to se¬ 
crete nectar at dusk, as do some moth-visited plants, 
presumably avoiding losses to diurnally active forag¬ 
ers (which was also discussed in relation to dehiscence 
and pollen availability in the last chapter). Many des¬ 
ert species secrete nectar at dawn and dusk (a crepus¬ 
cular pattern, although this term is sometimes used 
just for dusk), which would allow these plants to 
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invest water into nectar production at times when the 
ambient relative humidity is higher and the plant is 
less water stressed (Bertsch 1983; Nicolson 1993). It 
is also true, however, that many nondesert plants se¬ 
crete nectar mainly at night, perhaps because doing so 
allows them to accumulate significant volumes in 
readiness for dawn and early-morning visitors. Many 
temperate flowers have unimodal patterns of secre¬ 
tion, where the main production of nectar is overnight 
or just predawn, and even plants that attract both noc¬ 
turnal and diurnal visitors (such as the common milk¬ 
weed Asclepicis syriaca, which is visited by both bum¬ 
blebees and moths) tend to secrete their nectar mostly 
at night, despite the fact that, for the milkweed, the 
nocturnal visitors are less effective at moving polli- 
naria between flowers (Morse and Fritz 1983). 

It remains unclear to what extent temperature and 
humidity are direct cues for the timing of secretion of 
nectar; the observation that most plants show fairly 
specific diel peaks may indicate that photoperiodic 
triggers are more important. However, temperature 
can affect overall production in different fashions that 
are generally assumed to be adaptive. For example, in 
the typical Mediterranean genus Thymus, nectar V, C, 
and sugar content all increased with temperatures up 
to 38°C (as long as there was no water stress), whereas 
in the closely related Mediterranean but shade-loving 
Ballota, neither light nor temperature had significant 
effects (Petanidou and Smets 1996); and in cool-tem¬ 
perate flowers, such high temperatures often lead to 
effectively nectarless flowers. Jakobsen and Kristjans- 
son (1994) showed adaptive intraspecific effects for 
Trifolium, where clones from Iceland had optimum 
nectar secretion at 10°C compared with Danish clones, 
which peaked at 18°C, the differences being strongly 
heritable. Such fine-tuning of the timing of secretion 
peaks by daily climatic variation may be more com¬ 
mon than has yet been realized. 

Bearing all this in mind, it would be instructive to 
see some examples of nectar availability patterns, and 
a chosen few are shown in figure 8.9. While taking 
actual values with some degree of skepticism, it should 
be very obvious that the time and pattern of production 
does vary greatly between species. But it also varies 

1. for different plants within a species (fig. 8.9B), 

2. for different morphs within a species, 

3. for different populations, 

4. within a plant measured on different days (fig. 8.9C), 


5. for flowers in different positions on a plant or 
inflorescence, 

6. with flower age, 

7. with sexual phase, 

8. with time through the flowering season, and 

9. in relation to visitation. 

Note that as yet we have only considered daily and 
seasonal variation; taking things to a larger time scale, 
it is also evident that there can be substantial differ¬ 
ences in nectar production for the same species or flo¬ 
ral community between years, with Carpenter (1983) 
reporting a tenfold difference at the same site in suc¬ 
cessive years for some tropical trees (fig. 8.9D). 


9. Postsecretory Changes in Nectar: 
How Flowers Control Their Nectar and 
Their Pollinators 

The discussion so far has implied that, despite many 
sources of variation, flowers merely have to supply 
nectar at a suitable C value for a particular visitor and 
could simply “select” their nectar concentration through 
the course of evolution according to the size and 
tongue-length of their main or preferred visitors. How¬ 
ever, this is difficult to achieve in practice because 
most plants cannot merely secrete nectar at the “right” 
C and then leave it to be gathered, because of another 
major factor influencing nectar in varying habitats: 
that is, the postsecretory changes that occur with re¬ 
spect to nectar concentration (Corbet, Willmer, et al. 
1979; Willmer 1983; Burquez and Corbet 1991). Any 
fluid exposed to dry air will tend to equilibrate with it, 
essentially by losing water, and the loss will be more 
marked in hot arid habitats but less evident in the hu¬ 
mid tropics. Thus, after secretion from the nectary tis¬ 
sues, nectar will almost always tend to dry out and 
gradually become more concentrated and more vis¬ 
cous over time. This was well known more than two 
hundred years ago, as evidenced by the writings of 
Kriinitz in his massive encyclopedia (published 1773— 
1858) and those of Sprengel (1793). Kriinitz believed 
such desiccation was a real problem for flowers be¬ 
cause the concentrated thickened nectar would “cover 
and block the exits and impede fruit development.” 

It could be argued that the plant loses control of the 
situation once the nectar is released into the corolla 
and the environmental influences take over. However, 
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Figure 8.9 Nectar availability patterns and their 
complexity: (A) nectar volumes through a day for 
Cerinthe at a single site, where the first value is over¬ 
night accumulation (redrawn from F. Gilbert et al. 

1991); (B) samples from five different plants on the 
same days for Penstemon bridgesii (redrawn from 
Carpenter 1983); (C) volumes on three successive 
days for Saponaria (redrawn from Wolff et al. 2006); 
(D) volumes for plants of Castilleja miniata at the 
same site in different years (redrawn from Carpenter 
1983); (E) volumes from sites at different altitudes 
for Penstemon bridgesii (redrawn from Carpenter 
1983); (F) volumes from flowers of Satureja growing 
on adjacent unburnt and recently burnt sites (re¬ 
drawn from Potts et al. 2001). 
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matters are still not that simple. For example, in tem¬ 
perate habitats nectar is commonly secreted at perhaps 
20%—4-0TT' sugar, but although it does then get more 
concentrated, especially on warmer and drier days, it 
does not change as much as expected if it were merely 
a free sugar solution in the open air (fig. 8.10). Fur¬ 
thermore, whereas nectar in open cup-shaped flowers 
equilibrates fairly rapidly and becomes viscous, con¬ 
centrated, or even crystalline (>75% sugar), rendering 
it useless to many flower visitors, nectar that is ini¬ 
tially similar but in an enclosed elongate corolla may 
remain relatively dilute throughout the day so that it is 
readily drawn up by an animal with a longer tongue. 

The explanations of these effects were provided by 


Corbet, Unwin, et al. (1979) and Corbet, Willmer, et 
al. (1979), who showed that tubular flowers have their 
own internal microclimate of more humid air, which 
slows the rate of equilibration with ambient condi¬ 
tions and so helps the flowers control their own nectar. 
Long, enclosed flowers have higher internal relative 
humidity and may also be cooler or warmer than the 
ambient air at different times of day—overall, they 
have a more stable microclimate (fig. 8.11). These au¬ 
thors specified a number of floral features that con¬ 
tribute to these effects: elongate corollas, relatively 
enclosed corollas, hairs within the corolla just above 
the nectary, constrictions of the corolla wall beyond 
the nectary, and even lipid layers over the nectar as 
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Figure 8.10 Postsecretory nectar changes in relation to en¬ 
vironmental relative humidity: the curve represents the ex¬ 
pected concentrations for solutions of pure sucrose, ex¬ 
posed freely to air of the given humidity. But nectar within 
flowers changes much less, and the relative constancy of 
the nectar depends on the protection afforded by the flo¬ 
ral shape—nectar is highly protected in tubular Echium, 
where the concentration rises only from about 15% to 
about 35%, but nectar is relatively exposed in the open, 
bowl-shaped flowers of Crataegus, where concentrations 
rises to more than 65% in the drier air. (Modified from 
Corbet et al. 1979.) 
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Figure 8.11 Nectar and microclimate within 
temperate flowers: gradients in humidity within 
Echium vulgare in sun and shade show that these tu¬ 
bular flowers retain their own more humid microcli¬ 
mate, which in turn helps keep their nectar more sta¬ 
ble (see fig. 8.10); and temperature differentials 
within Crataegus, varying with cloud cover (open 
squares) such that even in these more open flowers, a 
sunlit corolla can be nearly 4°C above ambient. 
(Modified from Corbet et al. 1979.) 



protective “waterproofing” to delay evaporative loss. 
Hence a classic tubular bee flower, such as Echium 
vulgare, can keep its nectar below 50% C (suitable for 
most bee visitors) through most of a temperate sum¬ 
mer day, while nectar in an adjacent cup-shaped flow¬ 
er, such as Crataegus, may reach greater than 60% 
between 1 lOOh and 1500h, and the nectar on an open 
umbelliferous flower, such as Heracleum, evaporates 
fairly freely and can become almost crystalline (hence 
only suitable for flies and a few beetles) for much of 
that same day (Corbet, Unwin, et al. 1979; Willmer 
1983). Of course on cool, overcast, or wet days, these 
differential effects will be very much reduced. 

Even for nontubular flowers there are features that 
can help protect the nectar from postsecretory change. 
Pendant flowers can trap rising warm moist air from 
the ground below and can act as umbrellas safeguard¬ 
ing against dilution by rain. Many brush blossoms 


probably benefit from a microclimate within and be¬ 
low the mass of anthers that helps to keep nectar con¬ 
centration more stable. Hairy or furry calyces or se¬ 
pals may protect inflorescences from rain, as shown 
for some Protea flowers (Nicolson and Thornburg 
2007). 

Above all, then, it is the structure and shape of 
flowers that is crucial, not just for reasons of morpho¬ 
logical fit with visitors but also in this extra respect of 
helping to determine the flowers’ temporal pattern of 
nectar concentration. Concealed nectar may require 
particular behaviors from the visitor, but it also tends 
to remain at a C best suited to the preferred visitor. 
This will apply irrespective of initial nectar C at the 
time of secretion and will be to some degree coadapted 
with the climatic regime. It follows that the timing of 
initial secretion in a flower will in turn affect the con¬ 
centration of the nectar encountered by a visiting bee 
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at different times of day and to differing extents in dif¬ 
ferent kinds of flower. 

To complete this story, it should be noted that some¬ 
times in tropical habitats the ambient humidity is so 
high that secreted nectar would actually tend to be¬ 
come more dilute by equilibration, potentially making 
it too dilute to be profitable even for hummingbirds. 
Here the flower can keep a drier microclimate inside 
itself in equilibrium with its nectar, which therefore 
does stay more concentrated than the external humid¬ 
ity would predict, as shown for Justicia (Corbet and 
Willmer 1981). This effect is probably especially use¬ 
ful for hummingbird-pollinated flowers, because these 
animals strongly prefer nectar at around 15%-20% 
sugar (chapter 15). 

10. Problems in Measuring and 
Quantifying Nectar 

From the above discussion, it will be evident that al¬ 
though measurements of nectar V and C are techni¬ 
cally simple, there are many complicating factors in 
knowing what in practice a visitor will receive when it 
visits a single flower: 

1. The timing of nectar secretion, its possible modifi¬ 
cation by temperature and drought stress, and its 
almost inevitable interaction with postsecretory 
changes related to the weather will have to be tak¬ 
en into account when trying to assess the average 
nectar reward that a flower offers. This requires 
careful sampling at different times and in different 
weather conditions. 

2. There may be substantial variation in nectar re¬ 
ward even at the level of flowers on different parts 
of the same plant; nectar profiles from the sunlit 
and shady sides, or the outer flowers and middle 
flowers, may differ quite considerably (e.g., Stone 
1995). 

3. Whatever their secretion concentration, their ini¬ 
tial secretion rate or volume, or their time of peak 
secretion, most flowers will have a different nectar 
reward on offer depending on their recent visita¬ 
tion history (i.e., how recently or how often their 
nectar has been entirely removed or partially de¬ 
pleted by a visitor) and on their ability to refill 
themselves after being visited. 

4. Sampling from bagged flowers would in theory re¬ 
move this visitation-related problem, but it raises 


other difficulties that are often unacknowledged. 
For one thing, bagging in itself can affect the floral 
microclimate, perhaps making it warmer and more 
humid, and thus can alter the nectar. Hence nectar 
V or C measured from a bagged flower does not 
reflect the reality of what a visitor will typically 
get. And sampling from bagged unvisited flowers 
may not even tell us what the plant can do “at 
best” without any visitors, because a flower may 
stop secreting once it is “full” even though it could 
go on producing more nectar if it were being regu¬ 
larly depleted. Furthermore, visitation is a natural 
part of the plant’s experience, and what any new 
visitor receives is always and naturally affected by 
the plant’s previous visitation history. Hence nec¬ 
tar readings taken from bagged flowers have little 
place in pollination ecology, although they may 
help plant physiologists understand what is 
possible. 

5. Knowledge of refilling patterns and recorded visit 
rates are still not enough to predict available nec¬ 
tar volumes; there must also be information on the 
mean volume a given visitor can or will extract, 
which is likely to be different for different visitors. 
These volumes may themselves vary with nectar C 
(hence with time of day and weather conditions) 
and with the proportions of other rewarding flow¬ 
ers available nearby, etc.; so they must really be 
measured on site and not extrapolated from previ¬ 
ous studies. 

6. Scientific sampling of nectar for experimental as¬ 
sessment may in itself promote subsequent further 
production (using the homeostatic mechanism); 
but removal of nectar could at least in theory also 
trigger reduced secretion in plants where just one 
or two visits normally effect pollination. Given the 
evidence of postpollination resorption cited above, 
it would seem possible that the two main floral re¬ 
wards can interact, such that pollen removal or de¬ 
position could affect nectar production, probably 
via the various plant signaling systems that medi¬ 
ate postpollination abscission or color change. 
These kinds of effect have rarely been looked for 
(e.g., Aizen and Basilio 1998) but would be appro¬ 
priate adaptive responses for plants where resourc¬ 
es were scarce and could constitute an important 
factor in structuring animal visits. 

7. The sugar and amino acid composition of nectar 
can be directly affected by visitor behavior and 
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frequency as we have seen in earlier sections, via 
tissue damage and/or by introduction of microbes. 

For all these reasons, what has been measured from 
a given flower, or a few flowers, at any one time can be 
seriously misleading in terms of assessing the natural 
standing crop of nectar, (the average reward actually 
encountered by a visitor from flowers unprotected by 
bags and undergoing normal visitation [Corbet 2003]). 
The standing crop will be highly correlated with the 
plant’s nectar production when visitation is very low, 
but when visitors are plentiful, it may be only very 
slightly related to the supply side, that is, to the V and 
C of nectar that the plant is secreting. Thus a hum¬ 
mingbird plant being continuously harvested by visi¬ 
tors can frustratingly yield almost no nectar from most 
flowers to a probing microcapillary. 

Not surprisingly, there is a considerable literature 
of inadequate data on the supposed “typical” nectar V 
and C values, and diurnal secretion patterns, for par¬ 
ticular plant species; one-off measurements of a flow¬ 
er’s nectar can never be trusted. Even the best pub¬ 
lished data cannot be relied upon when seeking 
understanding of pollinator activity patterns in relation 
to floral nectar reward; each study must include its 
own inventory of the rewards available at the appropri¬ 
ate time(s) and place(s). Many flowers must be sam¬ 
pled from many plants throughout the diurnal cycle 
and in different weather conditions to give a reason¬ 
ably accurate picture of what a visiting animal can ex¬ 
pect to find in a typical flower at a particular foraging 
time. And given that foraging animals moderate their 
behavior and flower choices in relation to what they 
experience (which will be discussed at length in chap¬ 
ter 21), it is also likely that the standing crop encoun¬ 
tered by a foraging animal that is selecting its flowers 
(on whatever criteria) will be different from that mea¬ 
sured by a careful pollination ecologist who is ran¬ 
domly selecting flowers. 

In summary, it is exceptionally hard to give average 
figures for nectar reward for any particular flower spe¬ 
cies or to say what the natural standing crop of nectar 
for that species is, because 

1. nectar changes with the environment, to an extent 
that depends on floral morphology, 

2. nectar changes with the rate and type of visitation, 
and 

3. sampling the nectar and the frequency of repeat 
sampling affect its subsequent production (and/or 


resorption)—in effect, a typical “uncertainty prin¬ 
ciple” of measurement is in operation. 


11. The Costs of Gathering Nectar 

Flower visitors have to suck or lap up liquid nectar, 
and the main cost to any visitor is the handling time 
associated with this (actual digestion being very easy). 
Flandling costs depend on 

1. the volume of nectar ingested, 

2. its viscosity and hence the time needed for capil¬ 
lary rise or the force needed to suck, which is 
sometimes altered by the time spent adding saliva 
to concentrated nectars, 

3. its depth within the flower, in relation to the ani¬ 
mal's tongue length, and 

4. the individual visitors’ experience and learning 
ability. 

Most assessments of nectar-feeding animals have 
shown that their behavior appears to maximize the net 
intake rate, although slightly different rules may oper¬ 
ate for bees (see later chapters). Thus, unlike pollen 
feeders, most nectar feeders are critically affected by 
time costs in their overall budget (chapter 10). 

A flower visitor could be structuring visitation on 
the basis of nectar either before a flower is visited (by 
evaluation of what is on offer) or afterward (by evalu¬ 
ation of what has been received). Can flower visitors 
assess nectar reward at a distance? If they could, this 
ability should affect their activity patterns by making 
foraging more efficient and potentially reducing the 
ratio of feeding time to trip length. The evidence on 
this point has been seen as somewhat equivocal (Cor¬ 
bet et al. 1984). However, F. Gilbert et al. (1991) dem¬ 
onstrated that Anthophora bees could distinguish be¬ 
tween individual Cerinthe flowers on the basis of their 
nectar secretion rate, perhaps using flower age as a 
cue; and some flowers do signal their age and altered 
reward status rather clearly by such cues as color 
change (chapter 5). Direct assessment may also be 
possible, either where a particular nectar is strongly 
scented so that its abundance could be assessed at 
some distance from the flower, or where the corolla 
tube is relatively transparent and the nectar meniscus 
can be detected visually; there is some indication of 
this occurring in honeybees (Goulson et al. 2001). 
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Figure 8.12 Mean values for nectar concentrations and 
compositions (% sucrose) in Acanthaceae visited by 
different pollinator groups, where letters designate sig¬ 
nificantly different groups. Flowers visited by perching 
birds have low overall concentrations and particularly 
low sucrose levels. (Redrawn from Schmidt-Lebuhn 
et al. 2007.) 


Table 8.6 

Nectar Parameters Correlated with Floral Traits and Pollinators in Four Groups of the Loasaceae 



Nectar volume 
per flower (pi) 

Nectar 

concentration (%) 

Morphology 

Main pollinator 

Group 1 

1.5-3.5 

40-80 

small, white, radial 

short-tongued bees 

Group II 

9-14 

40-60 

orange, bowl or bell 

long-tongued bees, hummingbirds 

Group III 

40-100 

30-40 

orange, bowl or bell 

hummingbirds 

Group IV 

80-90 

10-15 

various, geoflorous 

small non-flying mammals 


Source: Modified from Ackermann and Weigend 2006. 


12. Overview 

Nectar is a crucial factor in determining the interac¬ 
tions of flowers and their visitors, and not surprisingly, 
many studies show good, apparently adaptive, links 
between nectar characteristics and visitor or pollinator 
needs. These connections persist even when taxonomy 
is factored out; for example, a recent analysis with the 
Acanthaceae showed that the link between nectar and 
pollinator was much more important than phyloge¬ 
netic constraint (Schmidt-Lebuhn et al. 2007), and fig¬ 
ure 8.12 shows the composition and concentration ef¬ 
fects for sugars that these authors found compared 
with pollinator classes. Similarly Ackermann and 
Weigend (2006) could readily separate the flowers of 
the Loasaceae into four groups on the basis of their 


nectar measurements, which corresponded with the 
main pollinators and associated floral traits (table 8.6). 
The fact that a water-stressed plant reduced its nectar 
V markedly but maintained its nectar C might indicate 
that the latter can be most crucial for attracting the 
“right type” of visitor, in accordance with the con¬ 
straints imposed by viscosity and tongue length. The 
match of nectar with visitor is also very clearly reflect¬ 
ed in several analyses of pollinator shifts within given 
taxa, where the nectar reward can readily change from 
low to high, or vice versa (e.g., in studies on bee and 
bird Penstemon referred to above, or on Fuchsia which 
may switch from bird to bee pollination); and adaptive 
shifts can even occur from ancestrally no reward to 
offering a nectar reward (in Disa orchids this has oc¬ 
curred at least three times; Johnson et al. 1998). Many 
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Figure 8.1 3 Nectar niche diversity for a Mediterranean community with high floral and bee diversity: (A, B) different 
flowers produce different combinations of mean nectar volume and concentrations, and the relative filling of nine 
resultant nectar niches can then be compared between different sites; here the mature site (B) has fewer nectar 
niches, whereas the site recovering from a recent burn (A) has more niches more fully filled (especially the lower 
volume and higher concentration niches attributable to rapidly growing and weedy annual plants); (C) the strong 
relationships between nectar resource diversity and both flower and bee species richness measures. (Redrawn from 
Potts et al. 2004.) 
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more examples of such shifts will be noted in later 
chapters, and there is much scope for further work 
here given that we now have some understanding of 
the genes (two QTL in Petunia, for example) that exert 
control over nectar volume (Stuurman et al. 2004). 

At a community level, the organizing and predic¬ 
tive effects of nectar can therefore also be substantial. 
Thus Potts et al. (2004) showed that the diversity of 
available nectar resources across a mixed Mediterra¬ 
nean plant community, in terms of C and V, described 
as nectar niche diversity, was the most important de¬ 
terminant of the flower-visiting community’s structure 
and complexity, as summarized in figure 8.13. 

However, another overriding message from this 
chapter is that nectar as a commodity is easy to mea¬ 
sure on a one-off basis from one flower but annoyingly 
hard to characterize fully in time and space for a given 
species, so that simplistic average measures of C or V 


should always be viewed with some suspicion. Never¬ 
theless a given plant does have a good measure of con¬ 
trol over its nectar and sugar dispensing systems, since 

1. nectar secretion is an active process with a poten¬ 
tial "on-off switch,” and 

2. postproduction changes can also be controlled, or 
at least limited, by morphology. 

Each plant therefore does have reasonable scope to get 
exactly the “right” nectar reward in its flowers at a 
given time to pay off its visitors and still encourage 
movement of those visitors onward to other similar 
flowers. Thus flowers can manipulate animal behav¬ 
iors quite precisely in space and time to get the best 
possible pollen movement out of one flower and into 
another, and so can use their nectar to exert control 
over their own reproductive success and the gene flow 
within their population. 


Chapter 9 

OTHER FLORAL REWARDS 


Outline 

1. Oils 

2. Resins and Gums 

3. Stigmatic Exudates 

4. Scents 

5. Floral Tissues 

6. Other Possible Nonfood Rewards 

7. Overview 


Occasionally flowers offer neither pollen nor nectar as 
a foodstuff to their visitors but instead yield other re¬ 
wards; or they may offer these as “extras” in addition 
to some pollen. This chapter reviews these possibili¬ 
ties, considering a range of oils, waxes, scents, and 
resins (on which topics Simpson and Neff [1981, 
1983] provided earlier reviews), as well as some less 
tangible rewards that can be obtained from flower 
visits. 


1. Oils 

First described in detail by Vogel (1969), fatty oils as 
an offering in flowers are now known from at least 80 
genera across several families (table 9.1) and from 
nearly 1% of flowering plant species (Buchmann 1987; 
Steiner and Whitehead 1991). The oil flowers occur in 
four distinct domains of the world, those in the New 
World being unrelated to those of the Old World but 
convergently similar. In each case the oils are produced 
by secretory hairs termed elaiophores, which are usu¬ 
ally in paired glands sited at the base of a flower (fig. 


9.1); these have evolved independently several times, 
and once evolved, they have rarely been lost. They 
may be derived from either epithelia or trichomes (fig. 
9.1A.B). In the orchid genus Grobya, there may be 
three different elaiophores, the one on the lip provid¬ 
ing an “oil guide” that entices bees onward to the 
deeper-sited glands (Pansarin et al. 2009). 

The oils produced in flowers are mainly diglycer¬ 
ides, with C 14 -C 18 (rarely C 20 ) backbones (fig. 9.2), 
often with smaller amounts of hydrocarbons, esters, 
and aldehydes; they differ in character from the lipids 
that are sometimes found as trace components of nec¬ 
tar. They tend to be colorless or pale yellow and are 
usually odorless. 

All known examples of oil flowers are essentially 
solitary-bee pollinated, and the bees are mainly from 
the taxa Melittidae, Ctenoplectridae, and especially 
Anthophorinae. Most harvest the oil using their feet 
rather than their mouthparts (Roberts and Vallespir 
1978; Buchmann 1987; Steiner and Whitehead 2002). 
There may be an association between the oil-collect¬ 
ing habit and pollen gathering by sonication, since 
most of the anthophorines that gather floral oils also 
use buzz-pollination at least some of the time (Simp¬ 
son and Neff 1983), thereby acquiring rather dry pol¬ 
len that lacks much lipid content (chapter 7). The oils 
the bees obtain could then act as lubricants, aiding pol¬ 
len packaging and perhaps reducing pollen desicca¬ 
tion, although they may also be used as a cement to 
help line, and thereby waterproof, the nest cells. There 
is no doubt, however, that the collected oils also serve 
directly as a liquid foodstuff for the bee larvae, with or 
without added nectar or pollen. Oils as a food are par¬ 
ticularly nutritious, two- to threefold more valuable 
weight for weight than a reasonably concentrated sug¬ 
ary nectar (table 8.5). When they occur in flowers, oils 



222 • Chapter 9 


Table 9.1 

Plant Families Interacting with Oil-Gathering Bees 


Oil produced; oil 
bees visit 

Deceptive, no oil 
production; oil bees 
visit without reward, 
or take nectar 

Cucurbitaceae 

Caesalpiniaceae 

Iridaceae 

Gesneriaceae 

Krameriaceae 


Malpighiaceae 


Melstomataceae 


Orchidaceae 


Primulaceae 


Scrophulariaceae 


Solanaceae 



are often the only collectable reward visible, the pollen 
being hidden, although a few species do offer both oils 
and nectar. 

Examples of oil-producing flowers are particularly 
abundant from the Neotropics, most notably from sa¬ 
vanna and moist-forest habitats. Three plant families— 
the Iridaceae, Orchidaceae, and Malpighiaceae— 
contribute particularly large numbers of examples, 
with nearly all of the species in this last family produc¬ 
ing oil rewards. However there are also oil-producing 
flowers in the Cucurbitaceae, which are associated 
with Ctenoplectm bees. Some species of the genus An- 
gelonia (Scrophulariaceae) also produce oils, the flow¬ 
ers having pockets at the back where the elaiophores 
are located (Machado et al. 2002); these are visited by 
long-legged Centris bees. In South America a range of 
unusual dwarf epiphytic orchids also offer oil (Dressier 
1993), although these are not particularly specialist 
since various bees visit several of them and probably 
also gather a range of their pollens (Schlindwein 1998). 
Orchids with oil rewards also occur quite commonly 
in southern Africa and include species of Disperis and 
some related terrestrial genera, which are pollinated 
by Rediviva bees (Steiner 1989) in a much more spe¬ 
cialist interaction. These bees also visit oil-bearing 
Diascia and Ixianthes flowers, which are related to 
snapdragons. Steiner and Whitehead (1996, 2002) re¬ 
ported asymmetries of specialization: one Ixianthes 
species (/. retzioides ) is pollinated only by Rediviva 
gigas, but that bee in turn visits several other oil- 


A B 



Figure 9.1 Different types of oil glands: (A) trichome elaiophores, 
glandular hairs on petal bases in Lysimachia; epithelial elaiophores: 
(B) on anther of Mouriri ; (C) at base of Malpighia flower (seen from 
below); (D) on Oncidium orchid, seen from underside. (Parts (A) and 
(B) redrawn from Buchmann 1987; parts (C) and (D) redrawn from 
Endress 1994.) 


secreting plants and some of its populations may not 
visit I. retzioides at all, and similarly, Colpias flowers 
are entirely dependent on R. albifasciata, but that bee 
also visits other Scrophulariaceae. 

Specializations for gathering oils do occur in some 
bees (fig. 9.3). Notably, the Neotropical Centris and 
Epicharis species have forelegs bearing unusual hairs 
that are like flexible combs or scoop-like blades ( elaio- 
spathes ), which can rupture oil-bearing glands and 
then scrape up and transfer the oils to patches of stout 
bristles on the bee’s hind legs for carriage to the nest. 
Melittid bees have “hair felt” patches on their legs that 
take up floral oils by capillarity, while the unusual 
ctenoplectrids have abdominal oil-mopping hairs. The 
southern African Rediviva bees have exceptionally 
long front legs (fig. 9.3E) that can gather oil by prob¬ 
ing into the long spurs borne on their orchid flowers. 

Symphonia species (Clusiaceae) have a more un¬ 
usual use for their flower oils; they produce pollen 
mixed in an oily fluid ( anther oil), which helps the pol¬ 
len to be absorbed by capillarity into the stigmatic 
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3-acetoxy-octodecanoic acid (e.g. in Calceolaria) 




Figure 9.2 Floral oils are normally based on free 
fatty acids with chain length Cl 4-20; (above) 
a typical acetoxy-substituted version; (below) a 
diglyceride version. 





pores after deposition (usually by a hummingbird; 
Bittrich and Amaral 1996). 

The most familiar examples of oil-producing flow¬ 
ers in temperate habitats all have trichome oil glands 
and include Calceolaria from the figwort family (Scro- 
phulariaceae) and yellow loosestrife, Lysimachia 
(Myrsinaceae), a common weed in damp places in 
most northern continents that is almost exclusively 
visited (as in plate 19H) by Macropis bees (Cane et al. 
1983). The flowers of Lysimachia perhaps attract bees 
initially by specific scents in their oil (Dotterl and 
Schaffler 2007), but experienced bees also learn and 
respond to the visual cues from the flowers. Oil alone 
(for cell lining) and oil and pollen together (for larval 
food) are apparently collected in separate foraging 
trips. 

It is an oddity of oil flowers that they very frequent¬ 
ly act as models for deceptive orchids that match their 
shapes and colors and produce shiny surfaces that ap¬ 
pear (quite falsely) to be offering oil. This is particu¬ 
larly common in the Oncidium orchids, which mimic 
many of the Malpighiaceae and also Calceolaria and 
attract the same bees that normally visit their models. 


Oncidium cosymbephorum explicitly benefits (by 
higher seed set) from its resemblance to the rewarding 
shrub Malpighia glauca (Carmona-Diaz and Garcia- 
Franco 2009). 

2. Resins and Gums 

Floral resins have been reported in occasional genera 
that are abundant in the tropics. Clusia and Clusiella 
(Clusiaceae) (Skutch 1971) and Dalechampia (Eu- 
phorbiaceae; plate 1 IF) are best known, although resin 
is also reported from Mouriri flowers (Melastomata- 
ceae; Buchmann and Buchmann 1981). The floral res¬ 
ins in Clusia and Dalechampia are terpenoids (usually 
triterpenes in Dalechampia). 

There is evidence that Clusia resin rewards are spe¬ 
cifically antibacterial within the nest (Lovkam and 
Braddock 1999), and the same may be true for the res¬ 
ins of other genera. Quite a range of bees, especially 
megachilids, will collect resinous plant secretions ooz¬ 
ing from vegetative structures (stems and leaves) 
where the resins have a protective antiherbivore effect 
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Figure 9.3 Oil-collecting apparatus in bees: (A) anthophorid bee col¬ 
lecting oil with its front-leg mops (the oil then transferred to the hind 
legs); (B) the collecting mop on the foreleg, and (C) in transverse sec¬ 
tion; (D) the mop being drawn as a scraper across the oily hairs of 
the oil gland; (E) a Rediviva bee extracting oil from a Diascia flower 
with its elongated spurred front legs. (Parts (A-D) modified from 
Barth 1985, based on earlier sources; part (E) redrawn from White- 
head et al. 1984.) 


for the plant; the bees take them back to their nests 
again to serve as a cell-lining and so help prevent fun¬ 
gal growth (e.g., dipterocarp resins, Messer 1985). 
This may give a clue as to how the habit of offering 
resins arose in flowers; floral resins may be more at¬ 
tractive to bees than stem-oozes, being more easily 
gathered or worked with, and they would also be more 
predictably located once a floral search image had 
been acquired. 

The flowers of Dalechampia normally have a pair 
of conspicuous and highly colored bracts around oth¬ 
erwise very reduced corollas (fig. 9.4), and it is the lip 
of the bract that forms a resin gland (Armbruster and 
Webster 1979; Armbruster 1984, 1997). Female bees 
(euglossines, meliponines, and megachilids, plus oc¬ 
casionally Apis) have been recorded as visitors, gath¬ 
ering the resin as a nestlining material. Armbruster et 
al. (2005) showed that visiting Heriades bees selected 
flowers by the size of their bracts, rather than by gland 
area, even when the latter was easily visible; the bracts 
appear to serve as an “honest signal” for the size of the 
reward. 

Some aroids are also known to have floral resins. 



Figure 9.4 A Dalechampia inflorescence with oil gland sited above a 
small group of flowers. (Redrawn from Armbruster 1996.) 
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The functioning of these deceit-pollinated trap flowers 
is covered in chapter 23, but it may be noted here that 
the upper part of the spathe has male flowers with pol¬ 
len, whereas the lower part (which forms the trap for 
visiting flies) has female flowers that in at least some 
species produce resinous secretions. 

Once again, orchids are mimics and have the occa¬ 
sional habit of mimicking resin plants, a notable ex¬ 
ample being some Maxillaria species that have a patch 
of shiny apparent resin on their lower lip, which in re¬ 
ality is nothing more than callus tissue. 

3. Stigmatic Exudates 

Stigmatic exudates are common in angiosperms, where 
their main functions relate to pollen capture, adhesion, 
and germination (chapter 2), together with protection 
of the stigma against damage or desiccation. However, 
in many cases these exudates also provide a good oily 
food source, and sometimes this can be the primary 
reward, attracting beetles, flies, and some other insects. 
Generally the material exuded is composed of lipids 
and amino acids, with some phenolics, alkaloids, or 
antioxidants also present (F. Martin 1969; H. Baker et 
al.1973; Lord and Webster 1979). In a few cases the 
reward is targeted rather specifically, as for example in 
certain Aristolochia that are primarily pollinated by 
flies which become trapped in a floral chamber where 
they feed on these amino-acid-rich exudates (Baker et 
al. 1973). Exudates are also abundant in some palms, 
where again it is mainly flies that feed on them (Simp¬ 
son and Neff 1981). 

Nearly all orchids also have stigmatic exudates, 
which are primarily used to stick the pollinia to visi¬ 
tors; in these cases the exudate is rarely fed on and is 
sometimes secreted almost explosively. But some Dac- 
tylorhiza orchids provide an exudate that is a food 
source (whereas most of the genus is food-deceptive, 
having no nectar and no other reward); the common 
spotted orchid D.fuchsii has an oily exudate that is also 
rich in glucose and amino acids and is fed on by both 
honeybees and bumblebees (Dafni and Woodell 1986). 

Whereas the above examples have oily stigmatic 
secretions, there are a few cases—for example, species 
of Anthurium —where the stigmatic fluid may be up to 
8% sugar (Croat 1980). In some Asclepias species this 
same kind of sugary exudate flows away from the stig¬ 
ma and collects in a nectar reservoir where it is visited 


by pollinating insects, so producing a reward in a 
group that is normally rewardless. 

In plants where exudates are used as food, the styles 
tend to be short or rudimentary and have a broad stig¬ 
ma, so that the pollen-receptive function and the 
growth of pollen tubes are both relatively resistant to 
damage. 

4. Scents 

Fragrances as rewards to flower visitors are found in at 
least seven different plant families, all from the Neo¬ 
tropics. Orchids are by far the most common exam¬ 
ples, up to seven hundred species having been recorded 
as dispensing scent. 

Orchids and Euglossine Bees 

Many genera of orchids use scent as their main lure to 
flower visitors and offer no other rewards; perhaps 
10% of all species of Orchidaceae fall into this catego¬ 
ry (van der Pijl and Dodson 1966). For most of these, 
their main visitors are bees from the Euglossinae sub¬ 
family, an exclusively Neotropical taxon common in 
the canopy of rain forests (Dressier 1982). These bees 
(about two hundred species) live in small primitively 
social groups or in solitary nests (chapter 18). Females 
gather nest materials and collect pollen and nectar in 
the normal bee fashion. However, the males, which are 
not associated with the nests and must forage for nec¬ 
tar for themselves through their unusually long lifespan 
of three to six months, will also gather flower scents, 
and in a fashion unique to this group. 

Since their scent gathering is almost always from 
orchids (Lunau 1992b; Eltz et al. 1999; N. Williams 
and Whitten 1999), these animals are sometimes 
termed orchid bees. The orchids they visit are strongly 
fragrant but have no nectar and no accessible edible 
pollen. Instead, the male bees scrape up oily and waxy 
compounds from the scent organs on flower (usually 
on the orchid labellum). For this they use brush-like 
structures on their front tarsi that act like mops (fig. 
9.5), taking up by capillarity the fragrances that seep 
out of the flower. The droplets of scent are transferred 
to a rake of hairs on the middle legs and then passed to 
a small opening on either of the very swollen hind 
tibiae. These openings bear fine feathery hairs that 
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Figure 9.5 Brushes on feet of euglossine bees: (A) setae from front 
tarsal brush; (B) hind tibia, with slit surrounded by setae; (C) detail of 
hind tibial setae. (Redrawn from photographs in Williams 1983.) 


receive the scented material and pass it through a chan¬ 
nel to a large hollow chamber within the leg. Here the 
perfumes are finally stored; the chamber has many in¬ 
ternal ridges, each bearing masses of feathered hairs 
that take up the scented liquid (fig. 9.6). This tibial 
chamber functions as a perfume bottle, and each male 
euglossine is effectively carrying around its own built- 
in lure. A single male bee may carry up to 60 |ll of 
scent material (Vogel 1966). 

The scents gathered contain some benzenoids but 
are predominantly monoterpenes, including classic 
floral fragrances such as cineole, myrcene, ocimene, 
pinene, eugenol, limonene, and linalool; any one flow¬ 
er may offer a mixture of 6-10 compounds (Dodson et 
al. 1969) from this range. In quite a few of the eugloss- 
ine-visited flowers, the relatively unusual monoter- 


pene trans-carvone oxide is present, and it may be a 
key attractant for these bees (Whitten et al. 1986; Te- 
ichert et al. 2008). There are indications that the bees 
also add compounds of their own making to the mix 
from glands within the tibia (fig. 9.6), perhaps making 
lipid materials that reduce the volatility of the scent 
mix and so prolong its useful life. From their labial 
glands, which act as extractors and carriers for the fra¬ 
grances, they also add straight-chain lipid materials, 
which are then recycled back from the hind-tibial 
pockets for reuse, forming a "lipid conveyor belt" (Eltz 
et al. 2007). 

The floral fragrances are so attractive to the males 
that with a few drops of eugenol or cineole on a filter 
paper, it is easy to attract large numbers of euglossines 
down from the canopy in most central and southern 
American rainforests. 

It was initially assumed that the scents are subse¬ 
quently released by the males for reproductive func¬ 
tions, perhaps specifically as pheromonal cues for 
reproduction (N. Williams 1982; Dressier 1982). 
However, females are not attracted directly to the 
scents in the flowers, and a simple sex-pheromone 
function therefore seems unlikely. Male behavior in¬ 
volves trap-lining between flowers, and the same route 
may be used by more than one male at different time 
intervals. At particular sites on their own route, males 
will rest on the vegetation and flutter their wings before 
flying up and circling the site for a while. Eltz, Sager, 
and Lunau (2005) showed that the males perform spe¬ 
cific and intricate leg movements during this circling 
flight, transferring perfume from the tibial pouches to 
a tuft of hairs on the mid-tibia, where they are venti¬ 
lated and wafted into the air by the wing movements, 
confirming that the scents are in use at this stage and 
that the males are emitting a puff of perfume into the 
air. But it is still unclear whether they are a signal to 
females, to other males, or to both. Often a few more 
males will arrive, presumably attracted by the scent. 
Females are attracted to the patrol routes, and particu¬ 
larly to these sites, but whether the attraction is the 
scent itself or the presence of a small lek of fluttering, 
circling, and conspicuous males, is debatable. 

Issues of specificity are interesting in these particu¬ 
lar associations. The bees depend heavily on the orchid 
fragrances they collect for their reproductive success, 
and the orchids likewise depend on the euglossine bees 
for pollination. However, each bee species needs to as¬ 
semble its own unique and species-specific fragrance 










Other Floral Rewards • 227 


hind tibia 



Figure 9.6 T 


A 


C 


R 




mixture; for example, three species of Euglossa have 
quite distinctive mixtures (table 9.2). To acquire their 
mixes they must normally visit more than one orchid 
species; so there is a constraint acting against full spe¬ 
cialization. Eltz, Roubik, and Lunau (2005) showed 
that individual bees are less attracted to the orchid spe¬ 
cies they have previously visited, so they must learn 
and remember the fragrances they have already col¬ 
lected, and so are showing a limited kind of negative 
floral constancy. However, Dressier (1968) showed 
that 11 different species of orchid deposited and picked 
up their pollinia from 11 distinct sites on a eugloss- 
ine’s body (fig. 18.14), so that effective specificity for 
the orchid can still be considerable. 

How exactly do male bees foraging for fragrances 
benefit the plant? Scent gathering takes a significant 
time, and on at least some of their preferred orchid 
species, the male bees appear to suffer an intoxicating 
effect from the odors, becoming clumsy and rather 
sluggish, with a loss of full motor control (Evoy and 
Jones 1971). This may help the flowers to “manage” 
their visiting bees quite precisely and direct them into 
places they could otherwise avoid. For example, Stan- 
hopea and Gongora orchids proffer their scents in tis¬ 
sues sited where the male bee must hang upside down, 
and when intoxication sets in and his control lessens. 


he loses his grip on the slippery surface and falls off 
onto the cushioning anthers below. Some Stanhopea 
species additionally have a chute-like arrangement to 
ensure that the bee lands correctly with his dorsal tho¬ 
rax aligned on the sticky pollinia. Even more specialist 
examples occur in the orchid genera Catasetum and 
Cycnoches, both with unisexual flowers. Catasetum 
orchids are pendant, the male flowers showy and the 
females drab, but both have the same scent (H. Hill 
et al. 1972); the males have a large viscid disk below 
the pollinia, and the rostellum projects forward into 
two antenna-like structures, such that a touch on these 
by a scent-gathering bee (working at the waxy scent¬ 
bearing tissues in the hooded labellum) causes the disk 
and the pollinia to be shot forward onto the bee’s back. 
The same bee visiting a female flower (which is in¬ 
verted) has to hang upside down to gather scent, and 
the pollinia then swing off his back under their own 
weight, on an elastic thread, and are picked up on the 
grooved stigma below. The swan orchid Cycnoches 
operates similarly, requiring a visitor to hang upside 
down to gather scent and to let go with his hind legs, 
so that his body swings down and touches a cover 
that conceals the anthers, again causing an explosive 
reaction that shoots the pollinia onto the underside of 
his abdomen. 
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Table 9.2 

Fragrance Mixtures in Three Species of Euglossa Bee 


Component 

E. cognata 

E. imperials 

E. tridentata 

Cineole 

0 

22 

3 

Unknown sesquiterpene ketone 

21 

0 

0 

Methoxy cinnamic alcohol 

0 

0 

11 

Unknown A 

0 

18 

0 

Unknown B 

0 

11 

0 

Unknown C 

11 

0 

6 

a-Pinene 

0 

10 

<1 

Methoxy cinnamaldehyde 

0 

0 

10 

F-Nerolidol 

9 

6 

3 

Benzyl benzoate 

0 

0 

9 

Methoxy cinnamyl acetate 

0 

0 

8 

Dimethoxy benzene 

8 

0 

1 

Benzyl cinnamate 

7 

0 

1 

Ceranyl acetate 

0 

0 

7 

F,F-Farnesene 

7 

0 

0 

Hedycaryol 

0 

0 

7 

/FPinene 

0 

5 

<1 


Source: From Eltz, Roubik, and Lunau 2005. 

Note: Values are percentages for any component making up at least 5% in any one species. 


Perhaps even more extraordinary are the large and 
elaborate bucket orchids in the genus Coryanthes 
(Dodson 1965), which combine scent offerings with 
trapping (fig. 9.7). Male bees (usually Eulaema or Eu¬ 
glossa) are attracted by scent to the pendant flowers, 
where they find a textured zone at the base of the lip at 
which they scrape vigorously to gather scent in the 
normal way. In the process, some fall off and land in 
the “bucket,” a large cup formed by the labellum, into 
which drops of fluid drip and collect. The bees cannot 
climb out of this bucket except via a narrow hole near 
the base of the column; this first leads them beneath 
the grooved stigma (which extracts any pollinia the 
bee was carrying) and then, as they approach daylight 
and “freedom,” past the anthers and pollinia. It may 
take up to thirty minutes for a trapped bee to get free 
of the flower, because the last part of the route out is 
very narrow and the rostellum restrains the bee while 
pollinia are glued to his back. Each flower needs only 
one bee to pass through its exit route to fulfill both its 
male and female functions, and once this has occurred 
the flower ceases scent production and wilts within a 
few hours. 


Other Examples of Fragrance as a Reward 

Scents are also gathered from a solanaceous genus Cy- 
phomandra (M. Sazima et al. 1993) by euglossine 
bees; three different species in this plant genus have 
very different scents and attract three different eu- 
glossines. As the male bees gather scent droplets from 
the flower, they push against the anthers and trigger a 
pneumatic bellows-arrangement such that the poricid- 
al anthers eject jets of pollen and cover the bees’ ster¬ 
num with pollen grains. Curiously, postpollination 
events here include a substantial enlargement of the 
corolla with an accompanying color change. 

Some Neotropical species of Dalechampia vines 
have volatile scented oils instead of resins, which again 
are collected by male euglossines. In chapter 6 we also 
met examples of aroids, such as Sauromatum, that re¬ 
lease pleasant scents within their trap chambers, along 
with the rather putrid odors from the spathe. Another 
example is Anthurium, where in some species the low¬ 
er part of the spathe has perfume sacs, from which 
scents are gathered by euglossines (Croat 1980). 

Something rather similar to the euglossine behavior 
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Figure 9.7 Coryonthes (bucket orchid) struc¬ 
tures: whole flower and cut-away view showing 
labellum and a bee emerging past the column. 
(Modified from Barth 1985.) 



glandular tissue 



is now known to occur in at least two groups of flies. 
Tephritid fruit flies pollinate Bulbophyllum orchids 
(Tan and Nishida 2005; Tan et al. 2006), and here the 
male flies land on the petals and climb to the orchid 
lip, forcing it open and lapping at the oily scented 
compounds secreted there. Then the fly is catapulted 
into the orchid’s column as the lip springs back, so 
picking up the pollinia. These flies subsequently use 
the phenylpropanoids from the flower, probably to 
make their own pheromone. Fruit flies in the subfamily 
Dacinae, particularly the genus Bactrocera, also col¬ 
lect floral scents, mainly from orchids, that they store 
in their rectal glands and use as a pheromone (Nishida 
et al. 2009). 

Although not strictly volatile scents, pyrrolizidine 
alkaloids are acquired from various parts of their host 
plants (including flowers) by some danaid butterflies, 
and these can become part of their pheromones as well 
as of their defenses (Boppre 1978; Reddy and Guer¬ 
rero 2004). 

5. Floral Tissues 

In a few instances, particularly in the more basal plant 
families, special areas of a flower are modified as food 
bodies, which have high contents of carbohydrates, lip¬ 
ids, or proteins, and flower visitors will nibble or scrape 
away some of this tissue to eat. The modified areas 
are often at the base of petals or the tips of stamens and 
are derived from epidermal or parenchymal cells. 

Consumption of such tissues requires mouthparts 
that can chew, so this phenomenon is most commonly 
found in beetles, but also in some birds and a few bats. 


Floral food bodies are primarily provided with translo¬ 
cated carbohydrate reserves (sugars and starch) from 
the phloem; much more rarely they are enriched with 
protein, as reported in Calycanthus, which is fed on by 
beetles (Rickson 1979). Some bat-visited flowers, 
rather surprisingly, offer sugary bracts that are eaten 
(e.g., Freycinetia, Cox 1982; and chapter 16). Howev¬ 
er, cytoplasm is also a possible reward, and one Epi- 
dendrum orchid has modified liquid-filled cells lining 
the corolla base that yield a cytoplasmic reward to vis¬ 
iting moths, whose proboscis tip is covered in tiny 
spines (chapter 14) that can scrape at the tissues. 

Whenever a significant part of a flower is eaten by 
chewing or scraping, it is essential that the flower as a 
whole is relatively sturdy and relatively long-lived. It 
is also necessary that visitors are attracted away from 
the ovules and anthers and toward the expendable 
parts, and this is probably achieved by localized odor 
cues. 


6. Other Possible Nonfood Rewards 

Brood Sites 

Flowers functioning as a brood place could be consid¬ 
ered as a further possible reward offered by particular 
plants. This scenario occurs where a flower-eating or 
seed-eating animal lays its eggs in flowers (which 
would normally make it a floral parasite), but then gets 
exploited in turn by the flower as a pollen vector. Sim¬ 
ple examples of this occur in large-headed flowers, 
such as thistles, a favorite brood site for many flies. 

As an alternative to (or an extension of) this, the 






230 • Chapter 9 


progeny of the flower visitor, once hatched from the 
eggs, may consume the seeds of their host plant. Prob¬ 
ably the plant then gets a net loss overall, and the mu¬ 
tualism breaks down, although some examples of this 
nursery pollination do provide a net benefit to the plant 
(chapter 26). In a very few spectacular examples these 
brood-site mutualisms have been elaborated into ac¬ 
tive pollination, as in Yucca and in Ficus , where the 
seed parasites of a plant have become the key pollina¬ 
tor. These cases are again dealt with fully in their own 
right in chapter 26. 

Microclimatic Protection and Warmth 

Flowers can offer suitable shelter from rain and wind 
for many small insects, and a number of bees are par¬ 
ticularly noted for taking shelter in flowers or using 
them as sleeping places, at which time a certain amount 
of pollen is then exported on the body, a concept called 
shelter pollination. This practice occurs especially in 
the males of solitary bee species, which lack their own 
nest; a well-known temperate example is Chelostoma 
florisomne, which can often be found sleeping in the 
pendant flowers of harebells. Serapias orchids are also 
quite common sleeping sites for bees. In the eastern 
Mediterranean, clusters of scarab beetles commonly 
occur overnight in bowl-shaped flowers (chapter 12). 
Certain beetles in the genus Pria may have more 
specific relations with female Leucadendron flowers, 
which are more cup-shaped and enclosed than the 
male flowers and are used apparently specifically and 
solely as shelter from frequent rain (Hemborg and 
Bond 2005), being visited 90% more often on wet than 
on sunny days. 

More than simple shelter may be on offer however. 
Flowers quite often exhibit their own internal micro¬ 
climate (fig. 9.8, and other examples in fig. 8.10) by 
virtue of relatively elongate, enclosed corollas, and 
thus they offer significant amelioration of climatic 
conditions to their visitors. Within a moderately large 
and sturdy corolla tube there may be substantial tem¬ 
perature increments, giving a microclimate that al¬ 
lows a visiting insect to warm up, although the pri¬ 
mary benefit to the plant may be that of potentially 
speeding up ovule maturation, pollen tube growth, fer¬ 
tilization processes, and seed development (Kjellberg 
et al. 1982). Bumblebees will choose to forage at 
warmer flowers, given a choice (Rands and Whitney 
2008). 


There are more specific cases where flowers offer 
warmth to insects. This reward to a visitor may be a 
side effect, in that the main benefit accruing to the 
plant may again be accelerated reproductive develop¬ 
ment, or a faster volatilization of plant scents, or even 
a better resemblance to a warm piece of dung or car¬ 
rion. But in cooler habitats it may play a significant 
secondary role as a means of attracting flying insects 
to a flower (Hocking and Sharplin 1965; Cooley 1995), 
thus improving their energy budgets by reducing ther¬ 
moregulatory costs (which will be discussed in the 
next chapter). Heat from cones is known to attract 
pollinators to cycads (Terry et al. 2007) and seed¬ 
feeding insects to conifers (Takacs et al. 2008). Whit¬ 
ney et al. (2008) showed that warmth and sugar con¬ 
centrations in angiosperm flowers were assessed 
independently by bumblebees, but sucrose levels usu¬ 
ally took precedence over warmth (or at least over nec¬ 
tar temperature). 

Additional warming in flowers can be achieved in 
at least four different ways: 

1. Thermogenesis: Thermogenic tissues occur in 
at least ten plant families, mainly among the basal an- 
giosperms (Thien et al. 2000), and are especially well 
studied in aroids and palms. Floral tissues in various 
aroids can generate heat from the spadix, often at spe¬ 
cific times of day (e.g.. Bay 1995; Seymour and Schul- 
tze-Motel 1998). In Syngonium the warming may oc¬ 
cur each night during a three-day lifespan, and in some 
species there are two periods of warming on particular 
nights (Chouteau et al. 2007). In Homalomena , ther¬ 
mogenesis increased the floral odor emissions from 
the spadix which specifically attracted Parastasia 
scarab beetles that served as effective pollinators, 
whereas other beetles were unaffected by the heat or 
scent and visited the flowers indiscriminately at all 
stages (Kumano-Nomura and Yamaoka 2009). 

Some thermogenesis also occurs in members of the 
Annonaceae, where the closed floral chamber of Xylo- 
pia has been recorded as 8°C above the ambient tem¬ 
perature (Ratnayake et al. 2007). Night-flowering wa¬ 
ter lilies in both South America and West Africa are 
moderately thermogenic too and have specific associa¬ 
tions with scarab beetles, suggesting a coevolved spe¬ 
cialized relationship going back at least to the early 
Cretaceous (Ervik and Knudsen 2003). Seymour and 
Matthews (2006) observed beetles spending long peri¬ 
ods in these flowers, in the absence of any nutritional 
reward, and suggested that the temperatures main- 
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Figure 9.8 Microclimate within a flower patch, here for Justicia aurea in Costa Rica, showing the higher relative hu¬ 
midity and lower temperatures within the patch, especially in insolated areas (A). The solid bars show flower height. 
(Modified from Willmer and Corbet 1981.) 


tained in water lilies are precisely adjusted to reward 
the captive beetles by allowing their active mating be¬ 
haviors to continue. 

2. Highly absorptive surfaces: Flowers that are 
dark in color are likely to be particularly absorptive of 
solar radiation and may therefore warm up well above 
ambient temperatures; this warmth would be especial¬ 
ly useful at dawn when other possible sites are still 
cold. The Mediterranean iris Oncocyclus has large, 
dark-colored flowers, with hidden pollen and no nec¬ 
tar, and in Israel it is not visited in the daytime but does 
provide a night shelter to solitary male bees. These 


bees emerge from the iris flowers earlier than from any 
other site at dawn, when the irises are around 2.5°C 
above air temperature (Sapir et al. 2006); it appears 
that floral heat is the only reward on offer here. 

High absorptivity may also be achieved by specific 
cell structures, for example, the poppy Papaver radi- 
catum from arctic regions, in which the inner layer 
of the petal epidermis is papillate and traps light re¬ 
flected from the underlying mesophyll cells (Q. Kay et 
al. 1981). 

3. Parabolic reflection: Some bowl-shaped flow¬ 
ers have unexpectedly raised internal temperatures 
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at their centers. This phenomenon is generally associ¬ 
ated with highly reflective white or yellow internal sur¬ 
faces and an effectively parabolic shape (fig. 9.9), giv¬ 
ing maximum reflection of the incoming radiation onto 
the center of the flower (Kevan 1975c; Heinrich 1993). 
Insects basking in this central zone can have a body 
temperature 5-15°C above the ambient air tempera¬ 
ture. Cup-shaped flowers of this kind may therefore be 
especially useful at high altitude or latitude (chapter 
27) or in the early spring in temperate habitats. There 
are also instances of nodding flower heads in some 
high-altitude plants whose intrafloral temperature is 
kept above ambient by reflection from the substratum. 

4. Solar tracking (heliotropism): Solar track¬ 
ing occurs in at least 18 plant families, most familiarly 
in the sunflower ( Helianthus ) where it can be easily 
observed occurring en masse in a field crop. In effect 
the stalk rotates so that the corolla is always pointing 
directly at the sun through the course of the day (fig. 
9.10), thus achieving maximum warming (Kevan 
1975c, 1989; Ehleringer and Forseth 1980; Kjellberg 
et al. 1982; Luzar and Gottsberger 2001). Heliotro¬ 
pism tends to occur in flowers from warmer climates 
that flower early in the season when pollinators are 
scarce. For example, the Mediterranean marigold ( Ca¬ 
lendula arvensis ) traverses an angle of about 20° east 
to west each day and can thus maintain a 20°C tem¬ 
perature excess, enough to attract bombyliid flies, 
which warm up sufficiently to fly on to another flower 
(Orueta 2002). At least some of the reflective bowl- 



highly 
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surface 


Figure 9.9 Parabolic reflection, with Arctic flowers shaped to act as in¬ 
ternal reflectors, warming the ovules. (Modified from Kevan 1975a.) 


shaped flowers from northern tundra or polar habitats 
(e.g., some Papaver, Dryas, Pulsatilla, and Ranuncu¬ 
lus species) also use this strategy. 

In heliotropic flowers the stalk undergoes continual 
slow movements, which in Ranunculus adoneus in¬ 
volve an eastward-bending of the peduncle (by differ¬ 
ential growth on the shaded side) in the morning, with 
gradual unbending through the day (Sherry and Galen 
1998). This is controlled by light at the blue end of the 
spectrum (Stanton and Galen 1993). It has clear bene¬ 
fits to the plants, so that Ranunculus flowers that were 
artificially restrained (Galen and Stanton 2003) had 
about 40% fewer pollen grains germinating than those 
undergoing their natural solar tracking. 

Some flowers are known to combine several of the 
above effects and act as “micro-greenhouses,” their 
enclosed structure and reflectance properties allowing 
noticeable internal warming. Crocus flowers, for ex¬ 
ample, can be 2-3°C above ambient air in cold weath¬ 
er, which will stimulate opening of the corolla, access 
by pollinators, and pollen tube growth (McKee and 
Richards 1998); white and purple varieties warm up 
more than yellow ones. Narcissus flowers can have an 
internal temperature excess of 8°C in early spring, es¬ 
pecially around the stigma and anthers (fig. 9.11); An- 
drena bees caught inside the flowers had markedly 
raised temperatures, and their visitation rate was posi¬ 
tively related to the floral temperature (C. Herrera 
1995b). Even more precisely, Jewell et al. (1994) not¬ 
ed that keel temperatures in Lotus corniculatus were 
higher in morphs with dark keels than in those with 
light keels and that the darker morphs tended to occur 
in the cooler microsites within a population. Given 
that bees can choose flowers on the basis of their 
warmth and can learn to associate flower color with 
flower temperature (Dyer et al. 2006; chapter 18), fur¬ 
ther observations of floral temperature increments in 
natural situations are much needed. 

On the other hand, some flowers in hot climates 
may have a problem keeping the gynoecium cool and 
thus avoiding damage to the carpels. Some tropical 
Convolvulaceae flowers were shown to exhibit strong 
evaporative cooling effects, and if greased to prevent 
such evaporation, their internal organs could overheat 
(Patino and Grace 2002). The flowers also showed non- 
random orientation, pointing toward, but not directly 
at, the sun, which may have facilitated transpiration 
(Patino et al. 2002). Whether floral cooling could also 
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Figure 9.10 Solar tracking, or heliotropism (A), and the resultant tem¬ 
peratures inside (open circles) and outside (closed circles) in (B) Pa- 
paver and (C) Dryas flowers. (Parts (B) and (C) drawn from data in 
Hocking 1968.) 



Figure 9.11 Variation in temperature within Narcissus longispathus at 
four points along the corolla, showing the higher temperature close 
to the anthers and style. (Modified from data in C. Herrera 1995b.) 


be of benefit to pollinators remains unclear, but it would 
not be unexpected in very hot climates, where flying 
insects can easily overheat (chapter 10). 


Meeting Places 

Flowers can also offer a kind of reward to visitors in 
that they provide a reliable place to encounter other 
flower visitors. This may be particularly useful for mat¬ 
ing opportunities, or for predatory opportunities. This 
theme will be discussed in more detail in chapter 24. 


7. Overview 

Most of the rewards discussed here are very minor in a 
numerical sense, although they may be the key to some 
particularly fascinating pollination systems. They do 
open up possibilities for new dimensions in animal- 
flower interactions, many of them currently underex¬ 
plored. In fact these rather unusual kinds of rewards 
are always worth bearing in mind when investigating 
new interactions, and may prove to be rather more 
commonplace than is presently appreciated. 



















Chapter 10 

REWARDS AND COSTS: 

THE ENVIRONMENTAL 
ECONOMICS OF POLLINATION 


Outline 

1. The Conflicting Requirements of a Plant and 
Its Pollinators 

2. The Costs Incurred by the Plant 

3. The Costs Incurred by a Flower-Visiting 
Animal 

4. Environmental Effects on Plants and 
Animals 

5. Resulting Interactions 


Pollination is usually thought of as a mutualism, of 
benefit to both partners, each of which gains in fitness. 
In such a relationship, both should be trying to maxi¬ 
mize their survival and ultimately their reproductive 
success, which will require balancing their costs 
against the rewards and hence assessing the net bene¬ 
fits gained. Disentangling the economic aspects of the 
interaction for each participant has become a major 
area of study in pollination ecology, and this chapter 
explicitly considers the costs that may be incurred and 
that have to be offset against the rewards gathered, as 
outlined in the last three chapters. This becomes a par¬ 
ticularly intriguing approach when we remember that, 
although pollination may be a mutualism, there is al¬ 
ways a conflict of interest between the participants, for 
whom the cost-benefit analysis may work in very dif¬ 
ferent ways. 


1. The Conflicting Requirements 
of a Plant and Its Pollinators 

A given plant essentially requires effective intraspecific 
pollen transfer gained as cheaply as possible. Viewed 
broadly, for this result it needs the “right” visitors; ani¬ 
mals that are the right body size or tongue-length or 
physical fit, that are suitably “sticky” to pollen grains, 
that will forage at the right time of season or day, and 
that will show the right behaviors and suitable flower 
constancy. These traits should all be acquired for a 
minimum payoff, that is, the ideal visitors should be 
cheap to pay for their services, in nectar or pollen or 
both. As the preceding chapters have shown, plants 
may be selected to achieve these aims by having suit¬ 
able morphology, using suitable attractants (color, 
shape, nectar-guides, scent, etc.), and by offering a 
suitable reward per flower. They may adjust their re¬ 
wards to keep visitors close to their limits of getting a 
net profit, thus ensuring that the animal moves around 
as many flowers as possible; Voigt et al. (2006) gave a 
good example of this for a bat pollinator. 

Flower visitors, on the other hand, are likely to 
want maximum foraging profit for minimum effort in 
extracting it and in moving between plants to get it. A 
given visitor should pick flowers where it can easily 
make an energetic profit; essentially, for a nectar for¬ 
ager, this will be where the energy content of the nec¬ 
tar accessible to it exceeds the energetic cost of mak¬ 
ing the visit. So the visitor will choose carefully on 
which plant and where and when to focus its foraging. 
A well-adapted visitor essentially wants to minimize 
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the cost of foraging—which is mainly measured as 
time spent, a composite of time in transit between flow¬ 
ers and the handling time on the flowers—in relation 
to how much energy is extracted from those flowers. 

Very large visitors, which have high energy costs 
(birds, bats, some bees and moths) may need so much 
nectar (or pollen) that it is not worthwhile for the plant 
to supply them. But very small visitors, while cheap to 
feed, may not move enough pollen around effectively. 
Furthermore, in any size range, if the reward in any 
one flower is too big, then a visitor may gain so much 
payoff that it does not need to go on to other flowers on 
other plants anyway; whereas if the reward is too small, 
the visitor may give up on that plant species entirely. 
In both cases there will be little or no pollen transfer. 

Calories gained and lost can be seen as the currency 
in what is essentially an economic payroll transaction, 
so that pollination studies can be handled as a classic 
cost-benefit analysis, following the initial insights of 
Heinrich and Raven (1972). Supply and demand 
should be interactive and roughly balanced in an ideal 
marketplace transaction. 

So who controls what? The most obvious general 
idea might be that the plant determines the reward, and 
the animal therefore has to follow that reward as best it 
can. This is made more likely since it is almost always 
more vital for the plant to get the balance right, be¬ 
cause it may go extinct if not cross-pollinated, whereas 
the animal can just go elsewhere for food; this is 
equivalent to the life-dinner principle operating in 
predator-prey interactions (the predator is working for 
its dinner, but the prey should be under even stronger 
selection since failure is at the cost of its life). In sub¬ 
sequent sections we will explore the reality of how far 
the plant is in control and the animal is merely the 
follower. 


2. The Costs Incurred by the Plant 

Nectar and Pollen Production 

There is no doubt that nectar is fairly expensive to pro¬ 
duce, as reflected by demonstrations that it can be re¬ 
sorbed by plants, thus conserving their resources 
(chapter 8). This expense is also revealed in the conse¬ 
quences of extra nectar production. For example, Pyke 
(1991) found that if nectar was artificially removed 
from Blandfordia flowers, more was usually produced 


by the plants, but the final seed output would then be 
reduced. Ashman and Schoen (1997) determined that 
Clarkia flowers that lasted 35% longer also invested 
about 30% extra into nectar production, but they then 
sustained reduced seed production. 

There have been rather few direct analyses of the 
costs of making nectar. Pyke (1991) provided exam¬ 
ples of nectar production that used up to 37% of a 
plant’s available energy; this was one of several stud¬ 
ies to show that removing nectar from a flower can 
cause it to raise its net nectar production, so that at 
least the costs incurred are dependent on usage. South- 
wick (1984) found that in alfalfa crops about 15% of 
above-ground production went into nectar, while for 
Asclepias syriacus, up to a third of the daily photo- 
synthate went into nectar production (equivalent to 
3% averaged over the whole year). In general, values 
of around 30% per day during the flowering season for 
moderately large flowers may not be unreasonable. 
But since flowers themselves are expensive (see be¬ 
low), this nectar cost may be only a small part of their 
total price; for Agave a value for nectar of 4% of the 
costs of the flower spike was recorded (Howell and 
Roth 1981), while for Pontederia, Harder and Barrett 
(1992) estimated that 3% of a flower’s energy content 
was in nectar at any one time, and that values were of 
about this order for a range of other plants. It would 
seem that nectar production, while highly variable, can 
be a substantial (though not exorbitant) cost to the 
plant (de la Barrera and Nobel 2004). Such expense 
might help explain the prevalence of automimic cheats 
with empty flowers (chapter 23). Interestingly, though, 
some flowers go on producing nectar after they are 
fully and efficiently pollinated, so the costs are per¬ 
haps not too restrictive. For example, Harder and Bar¬ 
rett (1992) recorded that Pontaderia produced 45% 
more nectar than was necessary, perhaps as a bet¬ 
hedging mechanism in case of poor weather and poor 
pollination on some days. 

The amounts can be looked at in another way. An 
herb-rich grassland may produce about 25 g sugar/m 2 , 
over a year (Heinrich 1975a; Proctor et al. 1996), 
which is about enough to support 1 Apis/ m 2 through 
the summer (whereas one Bombus might need 3—4 m 2 
to break even). A productive alfalfa field at its peak 
might therefore support around 50 Apis/ m 2 for the 
short flowering and nectar-producing season. 

Pollen production is perhaps only 5%-20% as 
costly. Pollen is tiny in terms of mass, but it is still 
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Figure 10.1 (A) Proportional costs of different parts of 
flowers, in terms of biomass, nitrogen and phosphorus 
(redrawn from Ashman and Baker 1992). (B) Caloric 
content of pollens compared with other plant parts, bars 
showing mean and SE, and arrows indicating range 
(drawn from data in Petanidou and Vokou 1990). 


expensive because it uses up both nitrogen and phos¬ 
phorus from the plants’ reserves (Petanidou and Vokou 
1990; and fig. 10.1), and it is nonrenewable. Estimates 
of its cost are generally indirect and unsatisfactory, al¬ 
though Howell and Roth (1981) measured pollen cost 
as just 1.2% of the total cost of an Agave inflorescence. 
Rameau and Gouyon (1991) confirmed a negative cor¬ 
relation between pollen grains per flower and seed 
production using Gladiolus, indicating a trade-off of 
costs between two expensive items. 

The Cost of Making Flowers 

As well as financing the rewards within its flowers, a 
plant also invests in the physical structures and chemi¬ 
cal components of each of its flowers. Most studies 
have assessed the cost of a flower by treating the flow¬ 
er as a whole physical unit; but the accessory advertis¬ 
ing costs (notably scents and pigments) cannot be ig¬ 


nored, although they often involve chemicals that the 
plant is making in its vegetative parts anyway. 

That flowers are costly is obvious from the greatly 
enhanced flowering that can be produced by providing 
additional resources through watering and feeding, as 
is evident to any gardener or farmer. The effects, how¬ 
ever, can vary greatly with life history. Hence the 
monocarpic Ipomopsis aggregata quickly produced 
more, larger, and longer-lasting flowers after soil fer¬ 
tilization, along with more nectar and better pollen re¬ 
ceipt, whereas the perennial Linum lewisii showed no 
effects until the year after fertilization, when overall 
biomass and seed production were enhanced (Burkle 
and Irwin 2009). 

Primack and Hall (1990) tracked lady’s slipper or¬ 
chids (Cypripedium acaule), which produce a single 
large flower per year that amounts to about 18% of the 
plant’s dry weight, but which has no nectar reward. A 
single successful pollination (by a bumblebee) pro¬ 
duced a seed capsule with a few thousand seeds, and 
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Table 10.1 

Percentage Dry Weights of Floral Components in Plants with Different Mating Systems 



No. species recorded 

Calyx 

(%) 

Corolla 

(%) 

Stamens 

(%) 

Pistils 

(%) 

Outcrossers 

12 

20.5 

40.8 

27.8 

12.3 

Facultative outcrossers 

11 

41.9 

27.8 

23.1 

10.3 

Facultative selfers 

13 

48.5 

23.3 

14.7 

23.7 


Source: From Cruden and Lyon 1985. 


this investment in flower and seed reduced leaf area 
the following year by 10%-13%, also reducing the 
plant’s probability of flowering at all; overall, the cost¬ 
ly effects of a single successful flowering event could 
persist for at least four years. This is rather an extreme 
case, but evidently the costs of making flowers them¬ 
selves are not trivial. 

Ashman and Baker (1992) assessed the costs of dif¬ 
ferent floral parts for Sidalcea (fig. 10.1): sepals and 
petals dominated the budget, and the androecium re¬ 
quired greater biomass (but not very much more nitro¬ 
gen and phosphorus) than the gynoecium. However, it 
is important to use dynamic estimates of costs here 
(Ashman 1994), since some constituents of the flower 
(especially nitrogen and phosphorus) can be resorbed 
and recycled during floral senescence. The large petal 
and sepal structures also have high surface-area-to- 
volume ratios and so may incur a cost in water loss 
that could be significant in more arid climates. 

Some studies have specifically addressed the rela¬ 
tive costs of the male and female parts. C.A. Smith and 
Evenson (1978) investigated the energy contents of 
various structures in Amaryllis (Amaryllidaceae) and 
found that 30% of the total energy of the flower went 
into the ovary and anthers and only 9% into the gam¬ 
etes (ovules and pollen). Furthermore, investment in 
ovules was only 30% that of investment in pollen, al¬ 
though once the full protective structures linked to the 
ovaries and anthers were taken into account this pat¬ 
tern was reversed, with 17% allocation to female struc¬ 
tures and 11% to male structures. Similarly, in Smyr- 
nium (Apiaceae) Lovett Doust and Harper (1980) 
reported that the male gametes were costlier than the 
female gametes, but that maternal care from the pro¬ 
tective structures reversed the total costs per sex. 

The mating system in the plant will certainly influ¬ 
ence flower costs in relation to male and female func¬ 


tions, though. In the dioecious shrub Oemleria, Antos 
and Allen (1994) showed that the attraction features 
were markedly heavier in the male flowers (petals and 
hypanthium constituted 63% of the reproductive bio¬ 
mass, compared with 50% in females), whereas in So¬ 
latium carolinense, which has both perfect and female- 
sterile flowers, the latter were significantly cheaper to 
produce (Vallejo-Marin and Rausher 2007). Cruden 
and Lyon (1985) found differential allocations to floral 
parts in selling and outcrossing plants (table 10.1), 
with proportionately more investment in the corollas 
and stamens in outcrossers and in the calyx and pistils 
in selfers. Pollinators may also affect the costs to the 
plant by their discrimination of male- and female-phase 
flowers, being especially deleterious to the plant’s costs 
if they avoid the female flowers; for example, Bierzy- 
chudek (1987) found only 21% of all visits were made 
to female Antennaria flowers although these made up 
44% of the population, and female flower visits were 
also of much shorter duration (fig. 10.2). 

Galen et al. (1993), however, pointed out that in 
some plants the flowers themselves contribute signifi¬ 
cant photosynthate to the plant, meeting the carbon 
costs of sexual reproduction; in the snow buttercup, 
the female organs (carpels) had particularly high pho¬ 
tosynthetic rates, which balanced the costs of attract¬ 
ing pollinators, perhaps making the female organs less 
costly overall than male organs. 

The Cost of Pollination-Dependent Reproduction 

How expensive is sexual reproduction itself? Assessing 
this requires careful microcalorimetry of plant parts, 
but it is not easy to give meaningful values for a spe¬ 
cies because the balance of sexual and asexual repro¬ 
duction in so many plants depends on the conditions, 
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Figure 10.2 Visits to male and female flowers of Anten- 
naria: (A) the proportion of visits to females is much 
lower than their percentage availability (with SDs 
shown); (B) frequency distribution of visit durations, usu¬ 
ally longer to male flowers (medians are 4 s for females 
and 11 s for males). (Modified from Bierzychudek 1987.) 


with sexual effort often increasing with poor soils, 
stressful climatic conditions, competition from other 
plants, etc. Reproduction generally does not occur un¬ 
til the plant reaches a certain size, so its timing and its 
relative cost can be massively affected by these abiotic 
and biotic factors. 

Data from several studies are shown in table 10.2; 
most of these found a trade-off between sexual and 
vegetative reproduction (Evenson 1983; Obeso 2002), 
and many found the cost of sexual reproduction to be 
less than 10% of the whole life budget, although not 
infrequently up to 30%. At the extreme, in a semelp- 
arous century plant (Agave palmeri ) pollinated by 
bats, Howell and Roth (1981) recorded a massive 60% 


investment in sexual reproduction in the single flower¬ 
ing episode occurring in the mature plant (one flower 
stalk, with 1,265 flowers, and with an energy content 
of 70,000 kJ). 

Where plants are unisexual, females tend to be 
smaller than males in woody species, an effect attrib¬ 
uted to the costs of reproduction, but oddly, females 
tend to be larger in herbaceous plants. M. Harris and 
Pannell (2008) suggested that this results from the 
relatively higher nitrogen content of herbs, so that 
male growth and nitrogenous pollen production are 
more compromised than female growth. In Mercuria- 
lis annua they showed that males devoted more of 
their biomass to nitrogen-harvesting roots to offset the 
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Table 10.2 

Costs of Reproduction in Plants as Percent Dry Weight Allocation 


Family 

Species 

Total reproductive 
effort 

(%) 

Sexual 

(%) 

Asexual 

(%) 

Onagraceae 

Circaea quadrisulcata 


3-6 

12 

Liliaceae 

Allium spp. 


27-55 

1-3 


Trillium erectum 


8-11 


Ranunculaceae 

Ranunculus repens 

48-60 



Fabaceae 

Trifolium repens 

20 

2 

18 


T. pratense 

12 

0 



Lupinus nanus 

61 

29 

32 


L variicolor 

18 

5 

13 


L arboreus 

20 

6 

14 

Asteraceae 

Achillea millefolium 

29 

2-3 

26 


Artemisia vulgaris 

11 

2-3 

9 


Cirsium arvense 

22 

7 

15 


Taraxacum officinale 

38 

25 

13 


Tussilago farfara 

46 

26 

20 


Solidago canadensis 

12 

1-2 


Scrophulariaceae 

Mimulus primuloides 

41-56 

2-14 


Palmae 

Astrocaryum mexicanum 

35 

35 

0 

Typhaceae 

Typha latifolia 

14 

6 

8 


Source: Based on data and sources in Evenson 1983. 


costs of pollen production. Females, in contrast, paid 
for their more carbon-rich seeds by investing in photo- 
synthesizing tissues. 

Other Possible Costs 

Although the previous sections have outlined the main 
costs incurred by a plant in achieving flowering and 
sexual reproduction, there may be some additional mi¬ 
nor expenditures to consider that will vary with habitat 
and circumstances. In hotter climates there may be a 
cost to keeping flowers cool (perhaps by evaporative 
water loss or flower movements to improve shading). 
In arctic and alpine zones, the costs incurred in keep¬ 
ing a flower warmer than ambient may be consider¬ 
able: less so if achieved passively by shape and reflec¬ 


tivity, but more so if active heliotropic movements or 
thermogenesis are involved (chapter 9). At least in this 
case, though, the costs will be partly offset by the re¬ 
sulting greater attraction of the flowers to pollinators. 

There may also be significant costs of defending 
flowers, since they normally make the plant more con¬ 
spicuous and may bring in both florivores and herbi¬ 
vores. Chapter 25 will consider these aspects more 
fully. 

3. The Costs Incurred by 
a Flower-Visiting Animal 

For a foraging animal, the costs depend on its energy 
expenditure, which must not exceed its energy gain 
from the flowers visited. The gain can be assessed as 
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Figure 10.3 T 


CL 

Redrawn from Harder and Cruzan 1990.) 


the product of the mean energy obtained per flower 
and the number of flowers visited per unit time, both 
relatively easily measured factors, although there are 
complications in determining the mean nectar reward 
because it fluctuates spatially and temporally and in 
response to visitation (chapter 8). The net energy up¬ 
take rate will depend on the nectar available and the 
probing time of the visitor per flower. Probing time 
comprises both access time and ingestion time, the 
former varying with depth or other aspects of corolla 
morphology and the latter varying with nectar concen¬ 
tration and viscosity. Harder and Cruzan (1990) tried 
to model the relationship between nectar production 
and certain floral features, such as corolla depth and 
number of flowers per inflorescence, and found no 
good single predictors that could be used across a va¬ 
riety of plants. Sugar production per flower was ex¬ 
pected to decrease with inflorescence size, but in fact, 
it often increased; its relation with flower size was 
variable, sometimes but not always increasing in large 
flowers; and flower size showed no clear relation with 
inflorescence size. Figure 10.3 shows the poor fit be¬ 
tween the observed and predicted relations of sugar 
production to daily inflorescence size across nine le¬ 
gume species that they tested. In general there seems 
to be no easy way to predict nectar availability and the 


associated costs for a particular plant; rather, the rele¬ 
vant traits have to be measured. 

The energy expenditure for a given animal will be 
determined by both inherent physiological factors and 
by the patterns and timings of its movements on and 
between flowers. 


Physiology-Dependent Costs 

Some costs depend upon metabolic rate and will vary 
with body size and with thermal strategy. Whereas 
most pollinators are essentially ectothermic, deriving 
any extra body heat from the sun by basking (which 
produces a raised body temperature, T b ), some larger 
insect flower visitors and all the common vertebrate 
flower visitors are endothermic, with a metabolic rate 
that is roughly ten times that for a comparably sized 
ectotherm. For birds and mammals endothermy is 
nearly always obligate, the raised metabolic activity is 
a permanent feature of their lives, and T b values are 
normally 36 0 C^fO°C at all times. The metabolic rates 
of nectarivorous vertebrates do not diverge from the 
expected value for their body sizes, although tempo¬ 
rary exceptions do occur in small hummingbirds and a 
few very small bats and marsupials, which cannot get 
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enough fuel to maintain a fully raised T b through the 
night and become torpid to save energy, lowering their 
metabolic rate and T b many degrees below their nor¬ 
mal active setting (temporal heterothermy). 

For insects such as bees and many large moths, to¬ 
gether with a few flies and beetles, all of which are 
stoutly built and insulated by hairs or scales, their en¬ 
dothermic ability is facultative, and they are often 
therefore called heterotherms. These animals warm 
up their flight muscles metabolically via a “shivering” 
mechanism (muscle activity uncoupled from muscle 
shortening), which raises the T b prior to take-off in 
cooler ambient temperatures. This ability is present in 
many well-insulated insects above about 30 mg body 
weight (Stone and Willmer 1989a); below this size, 
heat loss by convective cooling is too great to allow 
significant warm-up. Among the bees, bumblebees 
have particularly sophisticated thermoregulatory mech¬ 
anisms. As the temperature rises, their successively 
employed mechanisms include: endothermic warm-up 
by shivering before flight with heat retained in the tho¬ 
rax; cessation of flying to allow additional shivering; 
shunting heat from the thorax to the abdomen for 
excess heat dissipation; cessation of flying to cool 
down; and evaporative cooling from regurgitated nec¬ 
tar. Using these strategies they can partition their 
body heat between the head, thorax, and abdomen as 
needed (Heinrich 1979a, 1993). Some desert bees also 
have particularly strong endothermic warm-up abili¬ 
ties, which may facilitate flight in the cool early morn¬ 
ings (Stone and Willmer 1989a; Willmer and Stone 
2004). Honeybees, however, are only moderately en¬ 
dothermic and have less elaborate regulatory mecha¬ 
nisms than Bombus (Heinrich 1980, 1993; Coelho 
1991; Heinrich and Esch 1997), although the cavity- 
nesters (A. mellifera, cercina) have a better ability to 
warm up than do the less high-powered, open-nesting 
species (A. dorsatci, florea and laboriosa ) (Underwood 
1991). 

Given that endotherms have tenfold higher meta¬ 
bolic rates, any level of endothermy absolutely de¬ 
pends on high-calorie food inputs, so that the demands 
placed on received floral rewards are much greater for 
birds and bats and rodents, and are especially high for 
hummingbirds and some bats that can hover at flow¬ 
ers. For both sunbirds and bats, the daily energy ex¬ 
penditures are among the highest recorded for any ani¬ 
mals, with a daily calorie turnover that is about 65% of 
the total body caloric content. This value is higher still 


for hummingbirds (Winter and von Helversen 2001), 
partly because their flight is a little more expensive 
than that of bats. Scale also becomes very important: 
larger species of bird have larger energy requirements 
and may stay longer at any one plant, because the costs 
of flying scale up faster (W 0 97 , Tucker 1974) than the 
costs of sitting and feeding (W 0 73 , L. Wolf et al. 1975). 
So from simple energetic considerations, larger birds 
may probe more flowers per plant, and the same prob¬ 
ably applies to bats. 

But remember that the heterothermic bees and 
hawkmoths also have very high energy demands: a 
bumblebee foraging in early spring at 5°C requires two 
to three times more energy than the same bee foraging 
in summer at 25°C (Heinrich 1979a). Larger moths 
and bees can adjust both their thermal strategy and 
their foraging style to take account of variable nectar 
rewards and changing ambient temperatures, as will be 
discussed in section 4, Environmental Effects on Plants 
and Animals, below; and several species show higher 
body temperatures with higher nectar sugar content. In 
fact, Mapalad et al. (2008) showed that Bombus ad¬ 
justed their thoracic temperature not just in relation to 
nectar but also according to the quality of pollen they 
fed upon, being warmer both while feeding and on re¬ 
turn to the nest when pollen protein levels were high. 
In all these cases it is not entirely clear whether a 
raised body temperature was adaptive via increased 
flight speeds or reduced return times or both. 

Locomotory Costs 

The costs of moving to flower patches and moving be¬ 
tween flowers are a crucial part of a flower-visiting 
animal’s energy budget, and the incurred costs will de¬ 
pend on the distance between flowers or flower patches 
and on the distances the animal has to travel from its 
nest site or resting place to the flowers (inter-patch and 
between-patch costs). These costs are very different 
depending on whether the visitor is flying or walking 
and also on whether it lands or hovers while feeding. 
Table 10.3 summarizes some of the comparative costs 
of these styles of locomotion. Note that hovering in 
front of flowers is especially costly; for example, a 
100-mg bee that lands on a flower for a minute may 
expend just 0.3 J, while a similarly sized hawkmoth 
hovering for the same period expends at least 100 times 
more energy. But the costs of hovering are not that 


Table 1 0.3 

Energy Expenditures of Different Kinds of Pollinator 


Pollinator 

Activity 

Body Mass 

(g) 

Energy use 
(Ig-'h-') 

Power 

consumption 

(W) 

Mass specific 
power* 

(W kg- 1 ) 

Sugar used 
(mg h- 1 ) 

Reference(s) 

Butterfly 

Flying 

0.2 

58 




Data in May 1988 


Feeding 

0.2 

1.6 




Data in May 1988 

Hawkmoth 

Resting 


2-10 






Hovering 

1 

1,250 

0.35 

350-500 

75 

Heinrich 1975b, 1979a 

Honeybee 

Flying 

0.1 

-800 




Heinrich 1980, 1993 


Resting 

0.1 

1-3 





Bumblebee 

Flying 

0.3 

-1,000 




Heinrich 1975b, 1993 


Resting 

0.3 

2-10 





Small 








hummingbird 

Hovering 

5 

900 

1.25 

261 

270 

Heinrich 1975a 


Flying 

5 

760 

1.06 


230 

L. Wolf etal. 1975 


Resting 

5 

250 

0.35 


75 

L. Wolf and Hainsworth 1971 

Large 








hummingbird 

Hovering 

13.5 

900 

3.39 


730 

L. Wolf etal. 1975 

Sunbird 

Flying 

13.5 

836 

3.14 


680 

L. Wolf etal. 1975 


Feeding/flying 

13.5 

322 

1.21 


260 

L. Wolf etal. 1975 

Bat 

Hovering 

7-18 


1.1-2.6 

159 


Voigt and Winter 1999 


Foraging 

8-9 

220 




Voigt et al. 2006 

Marsupial 

Foraging 

5-12 

140 




Nagy et al. 1995 

( Tarsipes ) 

Resting 

5-12 

52 






Note: Some data are recalculated from the source given. 

‘These data are means for the groups (from Voigt and Winter 1999). 
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Figure 10.4 Functional responses and visit rate for pollinators with one floral species (A, B) and various possible 
effects when there are two floral species interacting (C-E). (Redrawn from Geber and Moeller 2006.) 


much greater than those of forward flight, as is some¬ 
times assumed; and since the mass-specific power 
used in hovering declines with body size, a bat ex¬ 
pends the least energy per unit of body weight of all 
the hoverers (Voigt and Winter 1999; and fig. 16.9B), 
although this effect is probably limited to a maximum 
hovering size of about 30-35 g. 

Within a given taxon, costs also vary in relation to 
wing loading (the ratio of body mass to wing area), so 
that energy consumption in flight is higher for species 
with higher wing loading (e.g., Heinrich 1993), and 
flower visitors with relatively smaller wings may need 
to select more rewarding flowers or more clumped 
flowers if they are to make a profit. The ability to carry 
fuel reserves may also come into play, since most in¬ 
sects have rather low lipid or carbohydrate reserves 
(e.g., May 1992; Heinrich 1993) relative to larger ver¬ 
tebrate flower visitors. Wing loading also varies with 
the amount of pollen and nectar carried, and in honey¬ 
bees, pollen foragers were shown to have a metabolic 
rate 10% higher than nectar foragers, along with high¬ 
er thoracic temperatures and a more horizontal body 


position while flying (Feuerbacher et al. 2003). How¬ 
ever, pollen loading (at a typical 18% of body mass) 
did not affect wingbeat frequency or wing action in 
that study, although the wing power output increased 
by 16%—18%. 

Within a patch, the locomotory costs relate to the 
visitor’s functional response (how its consumption 
rate changes with resource density, as shown in fig. 
10.4A). In general, the consumption rate increases 
with the flower density up to some asymptotic value, 
where handling time is limiting. For more specialist, 
“choosy” flower visitors the functional response is 
likely to be saturating (Type II); whereas for general¬ 
ists that switch between available flower types freely, 
or for foragers on particularly high-density patches, or 
for animals that improve handling markedly by learn¬ 
ing, it is more likely to be sigmoidal (Type III). At the 
same time, the visitation rate per flower will normally 
rise to a peak and then start to decline as resource den¬ 
sity increases (fig 10.4B). Analyzing the functional 
responses and visit rates in mixed species communi¬ 
ties is more complicated (Geber and Moeller 2006), 
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with flower preference and flower constancy coming 
into play, and overall visitation rates (fig 10.4C-E) 
may then increase or decrease (depending additionally 
on whether the floral species are very similar to handle 
and whether their rewards are equivalent). If visitation 
rates increase, though, the relative contribution of lo- 
comotory costs within the patch will be reduced. 

Locomotory costs between patches, or between 
patch and nest, are often the greater part of the budget. 
For some more generalist flower visitors the distances 
travelled on a given day may be relatively small, and 
where there is no home base, an animal can simply 
move through the landscape in any direction favored 
by weather and flower abundance. With bees, birds, 
and bats all having a home or roost that is regularly 
returned to, we instead see central-place foraging. 
Here the distances travelled on any one foraging trip 
can be many meters or kilometers; for example, hon¬ 
eybees routinely travel 600-800 m, but some individu¬ 
als fly several kilometers from their nest. With the es¬ 
timate that 95% of the foraging occurs within 6 km of 
the nest, the total foraging area for honeybees would 
still be more than 100 km 2 (Beekman and Ratniecks 
2000). Bumblebees, flying at 11-20 km h 1 (Heinrich 
1979a) may range even further afield (Osborne et al. 
1999; Walther-Hellwig and Frankl 2000). However, 
for all but the social insects the actual time spent flying 
to feeding sites can be quite a small proportion of the 
total daily time budget: for example, most humming¬ 
bird species spent more than 80% of their time resting 
at the nest or in trees and only around 5%—15% of their 
time foraging (L. Wolf and Hainsworth 1971). 

Feeding Costs 

Feeding in itself is probably not vastly expensive for 
any flower feeders, but the costs of handling and pro¬ 
cessing the rewards must be factored in to any overall 
budget. For nectar these costs vary with the concentra¬ 
tion and viscosity of nectar and the tongue action of 
the forager (a topic introduced in chapter 8). For an 
endotherm there is also a cost incurred in warming the 
nectar to body temperature, which for a hummingbird 
feeding on cold nectar in North American sites can re¬ 
quire a significant increase in metabolic rate (Lotz et 
al. 2003). For an active pollen feeder, there will also be 
costs relating to the difficulty of extracting pollen from 
the anthers, whether by scraping and scrabbling or by 


sonication (chapter 7). Roughly speaking, the energy 
contents of individual flowers are highly correlated 
with mean foraging profits at those flowers, the link 
being clearest for nectarivores (e.g., May 1988 for but¬ 
terflies). Any kind of food gathering may also show 
dependence on the temperature or humidity (both af¬ 
fect nectar, and humidity can affect the pollen’s 
stickiness). 

The major cost not yet covered is the time and loco¬ 
motion invested, after arrival, in searching out the re¬ 
wards within a flower, whether nectar and pollen or 
specialities such as oils or fragrances. Where a pre¬ 
ferred visitor is a high-energy forager (hawkmoths, 
large bees, birds, and bats), it may be economically 
preferable for the plant to reduce these costs by invest¬ 
ing heavily in easy detectability (e.g., by large size or 
conspicuous position or gaudy advertisement) and 
thereby save a little on the nectar reward it must pro¬ 
vide to offset the visitors’ costs. 


Other Costs 

Although rarely considered, it is important not to for¬ 
get other costs that may come into play on some or all 
of an animal’s foraging trips. These would include the 
potential risks (and therefore costs) of being attacked 
on or near flowers by predators or the costs of being 
infected by parasites. Even if not caught by these at¬ 
tackers, there may be costs of simply avoiding or evad¬ 
ing undue harassing attention by predators or parasites, 
or indeed of potential mates, any of which may use the 
flowers as useful meeting places. These factors can 
lead to foragers moving around and between flowers 
more quickly and more often, potentially improving 
the outcrossing of the plant but adding to the time and 
energy used up by the animal. 

Overall Costs 

Foraging is costly. A 500-mg bee spends around 600 J 
h 1 in flight, which would require an intake of around 
40 mg of glucose just to cover the average costs of ar¬ 
riving at the flowers, before any profit could be made. 
Collecting food from more distant flowers is therefore 
only worthwhile if they are offering unusually high re¬ 
wards, and the threshold reward at which making the 
trip becomes economically feasible can rise exponen- 
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Distance of feeding station from hive (km) 

Figure 10.5 Nectar concentration threshold for recruitment in Apis in¬ 
creases with distance from the nest (and on days 1-4, when condi¬ 
tions varied) and hence with profit. (Redrawn from Schoonhoven et 
al. 2005, based on Boch 1956.) 

tially with distance from the nest. Within certain limits 
(bearing in mind the problems with unduly high nectar 
concentration discussed in chapter 8), either the con¬ 
centration of the nectar supply needs to be higher (fig. 
10.5) or, alternatively, the volume per flower must be 
much higher. Nevertheless, for bees (which are highly 
efficient flyers) the travel costs of foraging at 4-5 km 
from the nest may still be only around 10% of the nec¬ 
tar yield of such a trip (T. Wolf et al. 1999), given the 
very high loads that they can return with (perhaps 20% 
body weight of pollen, or up to 90% body weight of 
nectar, for a bumblebee; Heinrich 1979a). 

Energy intake needs will scale with body mass (M) 
both intra- and interspecifically, so that smaller indi¬ 
viduals should forage and respond somewhat differ¬ 
ently from large conspecifics. Using orchid bees (eu- 
glossines), Borrell (2007) calculated that the energy 
intake rate should scale proportionately with M L0 , and 
the optimal sugar concentration should be independent 
of body size, but he found that in reality, energy intake 
rate scaled with M 0 - 54 partly because proboscis length 
was not directly dependent on body mass. Thus in¬ 
creasing tongue length tended to reduce both the energy 
intake rate and preferred sugar concentration, as ex¬ 
pected (chapter 8), and most euglossines preferred nec¬ 
tars at 34-42% concentration regardless of body size. 

For a given flower visitor, it is relatively straightfor¬ 
ward to measure the rate of nectar intake (and hence of 


calories) from measured rates of visitation and knowl¬ 
edge of the mean sugar content of the flowers visited 
(at that time, and in that place). We can also estimate 
the energy used in foraging from the observed activity 
schedules, knowing the time spent per flower, the time 
flying, the time resting and/or grooming, and the over¬ 
all trip length. This calculation is where pollination 
biology starts to overlap very substantially with forag¬ 
ing ecology, and it is no accident that flower visitors 
have often been the animals of choice for theorists 
working on foraging behavior. It is rather easy to work 
out exactly how many calories a visitor will get per 
flower and the variance between flowers and between 
plants; to calculate how many calories it costs them to 
sit drinking, to move between flowers by flight or by 
walking, and to move between plants; and to estimate 
costs of moving between flower patches or from home 
(nest) to flower patch. Hence the entire foraging trans¬ 
action can be modeled rather neatly, and it is a small 
step to begin testing possible foraging models. For ex¬ 
ample, are the visitors 

1. maximizing their net rate of energy gain (re¬ 
wards), or 

2. maximizing energy efficiency (rewards minus 

costs), or 

3. minimizing risk by selecting the lowest variance 

source? 

Many assessments of nectar-feeding animals have 
shown that they maximize the net intake rate, so that 
(unlike pollen feeders), nectarivores tend to be strong¬ 
ly affected by time costs. However, in the case of so¬ 
cial bees (where the literature is vast, because they are 
so much easier to work with than most other visitors), 
they may instead maximize their net foraging efficien¬ 
cy or minimize their risk. Maximizing efficiency re¬ 
flects their need to provide the greatest daily delivery 
of resources to the nest, and it requires these social pol¬ 
linators to visit more flowers per patch or per inflores¬ 
cence, and to work longer at each flower. A preference 
for minimum-variance flowers leads to risk-sensitive, 
or risk-averse foraging, and is commonplace in Apis 
and Bombus species in many temperate studies (chap¬ 
ter 18; and reviews by Cartar and Abrahams 1996; 
Perez and Waddington 1996). Fearning alters foraging 
tactics as well, since relatively naive workers behave 
very differently from an experienced bee. In particu¬ 
lar, handling time can be reduced by learning (fig. 
10.6), often by as much as tenfold after an appropriate 
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Figure 10.6 (A) Mean visit duration for correct and in¬ 
correct flower visits for inexperienced bumblebees and 
the much faster visits of experienced bees in the field 
(drawn from data in Laverty 1980). (B) The improve¬ 
ment of accurate handling with time and experience as 
more Impatiens flowers are visited consecutively 
(redrawn from Heinrich 1979a). 


learning period, although even an experienced bee on 
a very complex flower may get a lower reward than if 
feeding at a simpler flower. 

Studies on other kinds of flower visitor are less 
common, but Wolf et al. (1972) compared three species 
of hummingbirds foraging at two species of Heliconia 
and calculated the nectar taken per flower per bird per 
visit. They found that nectar extraction efficiency was 
highest for the plant species with more concentrated 
nectar, but that the smallest of the three birds per¬ 
formed the best because while it took nectar at the 


same volumetric rate as other birds, it used less energy 
in collecting it. Mendonca and Dos Anjos (2006) cal¬ 
culated the activity costs for Brazilian hummingbirds 
at up to 30 kJ per day, where the flowers they visited 
(mainly Palicourea, Rubiaceae) yielded just 66.5 J 
each through much of the day, so that birds were visit¬ 
ing several hundred flowers per day to make a profit. 

Tactics and costs for any one visitor will vary not 
just in relation to its own behavior, but also with regard 
to that of others present on the flowers, introducing 
competition into the calculations. Where a mixed pop- 
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ulation of visitors is at work on a flower patch, which 
will be steadily depleted of nectar, each species is like¬ 
ly to have different thresholds at which they quit as the 
nectar reward lessens toward or below their particular 
break-even point. If foraging costs scale in accordance 
with body mass (e.g., Heinrich and Raven 1972; Hein¬ 
rich 1993), then all else being equal, the largest visi¬ 
tors would be predicted to leave first, whereas the 
smaller ones should be the last to leave. However, body 
size and tongue length are sometimes in conflict: on 
more tubular flowers, where a long tongue is needed to 
reach the receding nectar levels, a larger insect with a 
longer tongue may be able to work the flowers suc¬ 
cessfully when the smaller insects can no longer reach 
any nectar. In essence, there is an economic trade-off 
here between cost thresholds and depth thresholds 
(Corbet 2006). This is particularly evident in highly 
specialist relationships such as the trap-lining hum¬ 
mingbirds and large euglossine bees, which move pre¬ 
dictably between widely spaced tropical canopy trees. 

4. Environmental Effects on Plants 
and Animals 

Thus far, we have considered the direct costs to the 
plant and to the animal of flowering and of flower vis¬ 
iting. However, it should be evident that both sides of 
this balance are in turn affected by variation in the en¬ 
vironment, and it is worth exploring these effects on 
the economics of pollination more explicitly. 

Environmental Effects on the Plant 
Overall Plant Growth 

Plant growth is affected by many aspects of the envi¬ 
ronment, most obviously light levels, soil nutrients 
and water, and temperature. Hence the resources avail¬ 
able for investment in producing above-ground tissues 
and a large attractive plant will be strongly affected by 
environmental variation, and the potential for invest¬ 
ing in flowers rather than vegetative tissues will be 
similarly prone to environmental controls (see Floral 
Display , below). 

Floral Rewards 

Nectar secretion patterns are influenced by insolation, 
and the resultant concentration and volume available 


in a given flower depend critically on temperature and 
humidity (chapter 8). There will also be effects of pre¬ 
cipitation (rain) and of wind, since both of these will 
alter the microclimate and humidity around flowers. 
Figure 10.7 summarizes the overall effects of environ¬ 
mental variation on nectar. 

Pollen production may also be affected by environ¬ 
mental factors, for example, by insolation or light lev¬ 
els (e.g., Etterson and Galloway 2002, working with 
Campanula ). The time of dehiscence is almost cer¬ 
tainly influenced by temperature and humidity, in at 
least some plants; the example of dog’s mercury given 
in chapter 7 is an extreme case. The stickiness of pol¬ 
len surfaces also seems to be modified by humidity, 
which will potentially affect handling time. Hence 
bees, which require particularly large amounts of both 
pollen and nectar, may partition their efforts through¬ 
out a day or across several days as needed; they tend to 
forage more for pollen in warm and windy weather, 
and especially at low humidities, avoiding pollen with 
dew or rainwater on it (Peat and Goulson 2005), 
whereas in more humid conditions (often in the early 
morning) they will gather nectar, because it will often 
be less concentrated and more manageable. 

Floral Display 

Investment in sexual reproductive organs (flowers) is 
bound to vary substantially with the environment. 
Overall floral display on a given plant is a composite 
function of flower size, flower numbers, flower spac¬ 
ing, and floral longevity (chapter 21); and the summed 
local display of many plants can also be important in 
attracting visitors. There have been surprisingly few 
direct tests of environmental effects on individual 
flowers. Work on Datura (Elle and Hare 2002) showed 
that irrigation produced longer showier corollas, al¬ 
though it did not directly affect outcrossing rates. San- 
chez-Lafuente et al. (2005) explored a range of envi¬ 
ronmental effects with Helleborus in Spain and 
recorded changes across habitats in all the plants traits 
they measured: plant and flower size, floral display, 
corolla length, the number of stamens, and the number 
of nectaries. However, only the overall floral display 
had a significant positive effect on visitation. 

Another major influence, as yet somewhat unex¬ 
plored, comes from edaphic factors, particularly the 
interactions of a plant with its underground mutualists 
(notably the mycorrhizal fungi that are associated with 
plant roots and that affect nutrient uptake). When the 
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Figure 10.7 An overview of the possible environmental effects on nectar parameters, with floral architecture and mi¬ 
croclimate as intermediaries. 


soil fungi in a flower-rich grassland were suppressed 
by the application of fungicide, the pollinator commu¬ 
nity shifted from larger bees to smaller bees and flies, 
with an average 67% reduction in visits per flower 
stem across 23 plant species, which was attributed to 
reduced floral display (Cahill et al. 2008). There clear¬ 
ly needs to be increased attention paid to the effects on 
flowering and pollination of this below-ground trophic 
level. 

Structures that protect the more delicate parts of 
flowers from the environment should also be factored 
in, including enlarged bracts beneath the corolla that 
act as supports and a defense against thieves, or bracts 
suspended above and around corollas to shield against 


excessive radiation or rain damage to pollen (as, for 
example, in the handkerchief tree Davidia; J. Sun et al. 
2008). Investment in such structures could be part of 
the economic considerations for the plant. 

The timing of flowering can be especially crucial 
(chapter 21). Having many flowers at once (big bang 
flowering) may attract more pollinators, but it also 
drains the plant’s energy reserves rapidly, and it in¬ 
creases the risk of selling, so there is an economic 
trade-off for the plant that must be considered (Harder 
and Barrett 1995; Schaffer and Schaffer 1979; 
Klinkhamer and de Jong 1993; Klinkhamer et al. 1994). 
And optimal floral longevity is also part of the eco¬ 
nomics (Ashman and Schoen 1994): a plant must bal- 
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ance the cost of maintaining an existing flower (in¬ 
creasing the overall display) relative to the cost of 
making a new one. Here the balance depends on the 
rate at which pollen is received, the rate at which pol¬ 
len is exported, how much pollen is needed for full 
fertilization, and how quickly the flowers become vi¬ 
sually unattractive (wilting, shrivelling, or generally 
changing their appearance). In practice, it may be eco¬ 
nomically helpful to keep old (functionless) flowers on 
a plant as long-range attractants, so long as a visitor 
can then detect their poor status on closer inspection 
and not waste time visiting them. Some plants do re¬ 
tain old flowers, which provide additional showiness, 
and couple this with signals (subtle color or scent 
change) that direct the visitor’s probings to new flow¬ 
ers (chapters 5 and 6). 

Note that any or all of the factors affecting optimal 
flower longevity may again depend on temperature and 
humidity (directly or via effects on the visitors). There 
may also be much less subtle, weather-related effects 
on display: in more fragile flowers the effects of pro¬ 
longed rain (soggy brown petal clumps in place of at¬ 
tractive flowers), of especially intense exposure to sun 
(bleaching and rapid desiccation of petals), and even 
of strong winds that dislodge flowers from their peti¬ 
oles are all going to influence pollination outcomes. 

Environmental factors can also affect the allocation 
of resources to sex within a plant. For example, re¬ 
source supplementation (fertilizer and water) with As- 
clepias increased its fruit set, largely through effects 
on female fitness components, which indicates a de¬ 
gree of gender-specific selection (Caruso et al. 2005). 
Even the sex of flowers on a plant may be affected by 
the environment, especially with some hybrid crops 
(e.g., cucumbers) where growers can manipulate con¬ 
ditions to alter the sex ratios of plants or of flowers and 
so achieve desirably seed-free fruits. 

All of this suggests, again, that the plant and the envi¬ 
ronment together may be “controlling” the situation 
and the rewards, and the visitors just have to follow. 
The plant is in control of factors that affect the han¬ 
dling time for a visitor, at the level of single flowers 
(nectar volume and concentration, rate of replenish¬ 
ment), and also controls factors that affect the travel 
time for a visitor (spatial effects within plants—such 
as the location of rewards with height or on the inside 
or outside of a bush—and between plants). Addition¬ 
ally, the plant controls floral longevity, which in com¬ 


bination with the rate of flower production governs 
overall attraction to visitors via the daily and seasonal 
offering of rewards. For all these reasons, it might be 
thought that if a plant grows in the right sort of envi¬ 
ronment and if appropriate visitors are about, then all 
will be well in terms of pollination. 

Environmental Effects on Animal Visitors 
Overall Animal Distribution 

At a very general level, geographical and local distri¬ 
butions of animal taxa and populations impose ex¬ 
tremely obvious limitations on plant-pollinator interac¬ 
tions. A few examples will suffice: hummingbirds only 
occur in the New World tropics, bumblebees are main¬ 
ly cool temperate species, carpenter bees are mainly 
warm temperate, and stingless bees mainly tropical, 
whereas functionally equivalent beetles, moths, and 
many kinds of flies occur in almost all habitats. 

Indirect Effects 

Any potential pollinator will be affected by the envi¬ 
ronment in terms of the availability of its other needs 
beyond access to flowers. Above all, such necessities 
may include other food resources, because many of 
the pollinating taxa have additional (nonfloral) needs; 
for example, birds and bats usually eat some insects as 
well as nectar. Even groups that rely almost entirely on 
flower foods will require an environment that provides 
enough floral diversity; many bees need more than one 
flower type either simultaneously or sequentially to 
get adequate quantities or qualities of nectar and pol¬ 
len to raise a brood. Beyond the demands of food, 
many pollinators also need an environment that pro¬ 
vides shelter: birds and bees need nesting sites (wild 
bees nest in the ground, in sandy banks, in dead trees, 
in snail shells, etc.), and bats need safe daytime roost¬ 
ing sites. 

Direct Effects of Temperature and Radiation 
Thermal effects on pollinators are often crucial deter¬ 
minants of their behavior and are now reasonably well 
known and useful as predictors of flower-visiting ac¬ 
tivities (Willmer 1983; C. Herrera 1995a,b). Clues as 
to the effects of these thermal constraints come readily 
from looking at patterns of insect visits to one plant, 
where different visitors are active at different times ac¬ 
cording to their own thermal costs. Figurel0.8 gives an 
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overview of the effects of temperature on thermal strat¬ 
egies in animals of varying sizes and thermal proper¬ 
ties. For flower visitors, this means that small, brightly 
colored, highly reflective species can forage in full sun 
at midday, but larger, darker-colored, or well-insulated 
hairy species may get too hot at such times. Conversely 
the latter types may be able to absorb enough radiation 
to warm up in the early morning and late afternoon, 
and thus visit flowers at times when the smaller forag¬ 
ers are too cold for activity. Any species with an endo¬ 
thermic capacity can circumvent these restrictions and 
be active at any time even without insolation but may 
still run the risk of being too hot if flying in full sun. 

These effects of size, color, and physiology lead to 
the kinds of activity distributions shown in figure 10.9 
for lime trees ( Tilia ). The flowers produced abundant 
nectar throughout a day, so there were few reward con¬ 
straints, and the temporal patterns of insect types and 
frequencies were correlated primarily with radiation. 
Heterothermic bumblebees visited early in the morn¬ 
ing in cool air but avoided the middle of the day, when 
they would risk overheating. Ectotherms, including 
small bees and most flies, foraged only in the warmer 
midday conditions. Since thermal exchanges and costs 
depend critically on body mass (which affects conduc¬ 
tion, convection, and radiation) and on the reflectance 
of body surfaces (mainly affecting radiative exchang¬ 
es), there were consistent patterns of mean body size 
and color (reflectance) through a day for visitors to 
single flower species (Tilia and Heracleum), as shown 
in figure 10.10. 

For these reasons, the activities of flower visitors 


are not always very well correlated with nectar reward. 
Instead, for many smaller insects, the timing of activi¬ 
ties is strongly linked with the weather and with the 
thermal costs they experience while foraging (and re¬ 
member also that flowers may offer a microclimate 
that can facilitate warming and reduce the energy costs 
of insect visitors). From this it follows that a plant may 
be following the visitors’ needs rather than the other 
way round. A given insect may pick a less rewarding 
flower because it is in sunlight or may choose to visit 
it later in the day when it is cooler but also when the 
flower has fewer rewards available. 

The exceptions to these constraints are the hetero¬ 
therms and endotherms, which can be active indepen¬ 
dent of the environment by making their own meta¬ 
bolic heat, but which then need much larger rewards 
from flowers to make a profit and tend to be more 
strongly dependent on the nectar reward, seeking out 
the most rewarding flowers irrespective of where and 
when they occur. Such considerations may in part ex¬ 
plain why rewards in temperate flowers visited by 
larger bees are often highest in the early morning 
(when bees can be active but most other insects are 
still torpid), and why flowers growing at higher (and 
therefore cooler) latitudes secrete more nectar than the 
same species at lower latitudes (Heinrich and Raven 
1972). At least for bees, foraging behavior may also be 
directly affected by the warmth of the flower (Dyer et 
al. 2006), with bumblebees preferring a warmer forag¬ 
ing reward in the absence of any nutritional advantage 
and warmth itself thus becoming an additional reward, 
as was described in chapter 9. 
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Figure 10.9 Patterns of visits by various insect taxa to the flowers of a lime tree ( Tilia ) through a single July day, in re¬ 
lation to the microclimate and nectar availability. Taxa with open triangles are those with a degree of endothermic 
warm-up ability. (Redrawn from Willmer 1983.) 
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Time of day 


Figure 10.10 Consistent patterns of mean body mass 
and reflectance (color) patterns through a diurnal cycle, 
for two floral types: lime (Tilid) (above) and hogweed 
( Heracleum ) (below), with larger, darker species present 
in the morning and evening, and smaller and brighter 
species foraging in higher temperatures around midday. 
(Redrawn from Willmer 1983.) 


On the basis of these kinds of results, we can make 
sensible predictions for all types of foragers (knowing 
their physiological thermal strategy and their size and 
color) as to when and where they will visit flowers, 
which flowers they will prefer, what situations they 
will favor, and how (or whether) they are likely to fit in 
to the overall pollination strategy of a given plant. We 
can also predict that some plants may bet-hedge their 
nectar offering to attract some partially or fully endo¬ 
thermic pollinators through a cool early dawn period 
yet still have nectar left that can attract other nonspe¬ 
cialist visitors later in the day, an especially useful trait 
when the weather is poor or unpredictable, or where 
the visitors are scarce in the early morning (e.g., Hein¬ 
rich and Raven 1972). 

Physiological constraints may also affect where, in 
a broader sense, animals visit flowers. For example. 


Roubik (1993) worked on the stratification of bee vis¬ 
its in tropical canopies, showing that larger eugloss- 
ine bees tended to forage high up and more in the 
open, where it was windier, thus facilitating convec¬ 
tive cooling in these large dark hairy bees; whereas 
other smaller and shinier bees were more active in 
sites at low strata in the forest, where there were con¬ 
sistently high ambient temperatures and little air 
movement. Nocturnal bees also tended to prefer the 
upper canopy. 

Thus it should be clear that the environment affects 
both the visitors and the plants but that perhaps the 
visitors and their foraging costs are often the more cru¬ 
cial factor. Animals can only visit flowers when and 
where they do not get too warm (or too cold), and if 
they have no other water source, then also when and 
where they get enough (but preferably not too much) 
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Figure 10.11 A summary of energy budgets for a nectarivorous flower visitor. (Redrawn from Dafni 1992.) 


water from the nectar. Here, then, we have reasons 
why the animals, in concert with the environment, are 
often “in control” of flower-visiting patterns. They can 
choose flowers within and between plants according to 
their own needs; according to the age, stage, and posi¬ 
tion of the flower on the plant; and in relation to the 
microclimate, perhaps using some distant reward as¬ 
sessment and perhaps also leaving pheromone signals 
to facilitate locating flowers again or avoiding revisit¬ 
ing emptied flowers. Thus they have control over their 
own rate of visiting, their handling time (hovering ver¬ 
sus landing, flying versus crawling, etc.), and their 
flower constancy. The plant, therefore, rather than set¬ 
ting the agenda, may just have to respond to the visi¬ 
tor’s choices with an appropriate reward to keep it 
happy. From this perspective, flowers might be ex¬ 
pected to organize their rewards, their time and place 
of flowering, etc., to give the greatest benefit (eco¬ 
nomic pay off) to the most efficient of their potential 
visitors. 


5. Resulting Interactions 

An obvious message from this chapter is that flower- 
visitor interactions are economic transactions, but that 
components of the environment control both of the 
partners, directly or indirectly, and so affect the bal¬ 
ance point of the system and the outcome of the trans¬ 
action in any given time and place. The resulting pat¬ 
terns can clearly be very complex, and figure 10.11 
summarizes all the parameters that may feed into pol¬ 
linator energy budgets. Both plants and insects are dif¬ 
ferentially affected by environmental factors, and pat¬ 
terning through time and space is the result. Hence 
communities of pollinators do differ very considerably 
on spatiotemporal axes. A good example was described 
by Eckhart (1992) for flower visitors working on 
Phacelia, where the commonest foragers varied great¬ 
ly across three populations (fig. 10.12) and between 
different parts of the season. On a smaller scale, 
Willmer and Corbet (1981) illustrated some of these 
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Figure 10.1 3 Patterns of visitors through time 
and against climatic conditions (insolation) to 
Justicia aurea flowers in Costa Rica. Contour 
peaks are shown for birds (solid gray: Phaetho- 
rnis longuemareus, P. superciliosus, and Campy - 
lopterus hemileucurus, all preferring more sunlit 
sites); for bees (horizontal stripes: larger and 
darker Trigona fulviventris active in shaded sites 
early and late, T. ferricauda in moderately sun¬ 
ny sites, and the very small T. jaty active only 
in sunny midday periods); and for ponerine 
ants (circles), persistent in shaded areas. The 
contour for maximum nectar availability in the 
flowers is also shown. (Modified from Willmer 
and Corbet 1981.) 
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Figure 10.14 (A) Diel patterns of activity for three major 
taxa of insects on lavender. (B) Detailed patterns for the 
four main bee visitors, differing in size, with the larger 
bees active morning and evening and the smaller bees 
around midday. (C) Resultant pollen transfer rates, as 
grains per stigma per minute, through the day. (Re¬ 
drawn from data in C. Herrera 1990.) 



issues with a hummingbird-pollinated plant, Justicia 
aurea, where other visitors (stingless bees and ants) 
were partitioned in time and microclimatic space in 
ways that could be predicted from their sizes and re¬ 
flectances (fig. 10.13). Similar effects of color and size 
on the activities of stingless bees were documented by 
Pereboom and Biesmeijer (2003). 

C. Herrera (1990) also addressed this complexity 
with Lavandula and showed that daily cycles in the 
plants and their various pollinating visitors did not 
match up neatly. Pollen availability peaked in the late 
afternoon, nectar around midday, and various animal 
visitors showed different diel patterns (fig. 10.14A,B) 
that related to their own needs. Hence both the pollen 
transfer effectiveness for the plant and the average dis¬ 
tance pollen was moved varied markedly throughout a 
day (fig. 10.14C), a point to bear in mind when we 
come back to the issue of pollinator effectiveness in 
the next chapter. 

The idea that any particular plant has coevolved 
with a particular pollinator, so that just cataloguing its 
key floral traits will predict who its pollinator is, is 
often an oversimplification. In reality, in a diurnally 
and seasonally changing environment, any one plant is 
likely to be visited by, and potentially may therefore 
be pollinated by, a range of different visitors at differ¬ 
ent times of day, in different weathers, and through the 
period of flowering; and the efficiency of pollination 
may likewise vary through time and space. Early in its 
season, a plant may primarily attract a large endother¬ 
mic bee, which visits in the early mornings, but as the 
season progresses and warms, the same plant may also 


be attractive to smaller visitors with higher ambient- 
temperature thresholds, who visit in the sunnier hours 
of each day. Some of these visitors—although by no 
means necessarily all of them—may also be effective 
as pollinators. Hence it should be no surprise that a 
classic hummingbird flower, Ipomopsis, was often vis¬ 
ited by bumblebees in a year when birds were rare and 
the nectar abundant enough in the long corolla for 
some of it to be reached and to give a profit (Pleasants 
and Waser 1985); put simply, economics can some¬ 
times override syndrome matching. 

Environmental interactions may also explain why a 
plant species can vary in its pollination in different 
parts of its natural range. Work on Aconitum (monks¬ 
hood) in the Californian Sierra by Brink (1980) af¬ 
forded a good example. This flower is almost exclu¬ 
sively pollinated by bumblebees, and at high altitudes 
where it is cooler, the flowers have particularly long 
nectar spurs, which are especially suited to larger bees 
with longer tongues, thus achieving good cross-polli¬ 
nation and seed set with little need for asexual repro¬ 
duction. However, at lower altitudes there are fewer 
visits by Bombus, which are outcompeted in these 
milder climes by Apis and various solitary bees; here 
the same monkshood species has much shorter spurs, 
suited to these shorter-tongued bees, but pollination is 
rather poor, and the plant can make numerous asexual 
bulbils as a safety net. 

Again, such instances stress the need to look care¬ 
fully at energy budgets—gains and losses—in individ¬ 
ual pollination systems, not simplistically or in a gener¬ 
alized way, but in terms of a specific plant in its specific 
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Figure 10.14 (Continued) 
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Figure 10.14 (Continued) Time of day (h) 


environment and as part of the local economic com¬ 
munity. In most situations the many possible visitors 
have both different relative costs and different relative 
effectiveness as pollinators to the plants. There may be 
quite variable problems and solutions to the issues of 


achieving pollination even for the same species, due to 
local environmental effects on both flowers and their 
visitors; so it is crucial to study specific plants, in de¬ 
fined sites with good environmental measures, and to 
avoid the easy generalizations. 
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Chapter 11 

TYPES OF FLOWER VISITORS: SYNDROMES, 
CONSTANCY, AND EFFECTIVENESS 


Outline 

1. Pollination Syndromes 

2. Why Pollination Syndromes Can Be Defended 

3. Flower Constancy 

4. Pollinators and Visitors 

5. Overview 


In the next few chapters, different kinds of flower visi¬ 
tor are reviewed in some depth, using the literature ac¬ 
cumulated for over a century documenting their flower 
visits and floral selection, their color and scent prefer¬ 
ences, their food and energy requirements, and aspects 
of their behavior on flowers. Here, this is all set in 
context with an explicit introduction to the idea of pol¬ 
lination syndromes, and a review of evidence that syn¬ 
dromes are both real and useful. Without this back¬ 
ground, a newcomer to the field might have difficulty 
understanding or disentangling the arguments. Once 
the syndromes themselves have been covered, chapter 
20 offers a critical analysis of the syndrome concept in 
theory and in practice. 

The key issue to emerge is the balance of special¬ 
ization and generalization—whether pollinators are 
commonly specialist for particular kinds of flower 
and/or flowers are specifically adapted to attract and 
be pollinated by particular animals. If either or both of 
these propositions are supported, then the use of the 
syndrome framework in pollination makes good sense. 
But if most flower visitors are very generalist in their 
flower choices, and most plants receive visits from and 


are pollinated by a whole range of different animals, 
then we would probably be better off leaving the syn¬ 
drome concept behind us. Hence specialization and 
generalization are issues at the forefront of modern 
pollination studies, and will be the focus of concern in 
chapter 20. 

1. Pollination Syndromes 

It is evident that flowers show enormous adaptive ra¬ 
diation, but also that the same kind of flower reappears 
by convergent evolution in many different families. 
Thus many families produce rather similar, simple 
bowl-shaped flowers like buttercups; many produce 
similar zygomorphic tubular lipped flowers; and many 
produce fluffy flower heads of massed (often white) 
florets. These broad flower types are the basis of the 
idea of pollination syndromes—the flowers have con¬ 
verged on certain morphologies and reward patterns 
because they are exploiting the abilities and prefer¬ 
ences of particular kinds of visitor. Thus we can speak 
of hummingbird-type flowers, long-tongued-bee flow¬ 
ers, and so on. In this view, most angiosperms are seen 
as sufficiently specialized to produce recognizable 
suites of convergent traits that recur in flowers of very 
different evolutionary origin but that share similar pol¬ 
linators. The underlying message is that different 
kinds of flowers attract different visitors, cementing 
the mutualisms and by implication tending to make 
flowers increasingly specialist, and visitors increas¬ 
ingly selective. 

This idea of floral types and associated pollination 
syndromes is far from new: it appeared in papers of the 
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Table 11.1 

Classical Pollination Syndromes 


Syndrome 

Pollinator 

Timing of 
anthesis 

Main colors 

Nectar 

guides 

Scent 

Cantharophily 

Beetles 

Day or night 

Cream, green, 
usually dull 

No 

Strong, fruity or 
fermenting 

Myophily 

Flies 

Usually day 

White, yellow, 
greenish 

No 

Usually mild, 
not sweet 

Sapromyophily 

Carrion and 
dung flies 

Day or 
night 

Purple/red/brown, 

mottled 

No 

Strong, decaying 
meat or feces 

Psychophily 

Butterflies 

Day 

Red, orange, 
yellow, mauve 

Maybe 

Slight to 
moderate, 

sweet 

Phalaenophily 

Most moths 

Dusk, night 

Cream, yellow, 
greenish 

No 

Fairly strong, 
sweet 

Sphingophily 

Hawkmoths 

Dusk, night 

White, cream, 
pale green 

No 

Strong and 
sweet 

Melittophily 

Bees 

Dawn, day 

Pink/purple/blue, 
white, yellow 

Yes 

Moderate, 
usually sweet 

Ornithophily 

Birds 

Day 

Red, orange 

No 

Usually none 

Chiropterophily 

Bats 

Dusk, night 

1 night only 

Dull white, dull 
beige/green 

No 

Strong, fruity 
or fermenting 


1860s and 1870s by Delpino and was taken up in the 
early twentieth century by Knuth. Vogel (1954) pub¬ 
lished an explicit summary of these ideas, which were 
further elaborated by van der Pijl (1961), Baker and 
Hurd (1968), and Faegri and van der Pijl (1979). The 
study of syndromes has been of enormous interest, be¬ 
cause they serve as good models for adaptive evolution 
more generally and give us a focus for understanding 
key processes of natural selection. 

Waser (2006) offered a good historical review of 
the syndrome idea but suggested that it arose initially 


out of an expectation of harmony and an intrinsic order 
in nature and has been insufficiently held up to critical 
analysis. He offered a substantial critique of the perva¬ 
sive effects of syndrome-based thinking in the litera¬ 
ture. These perceived problems with the pollination 
syndrome orthodoxy are explored in depth in chapter 
20; but since the concept has been so dominant and is 
built in to much of the literature, any student of polli¬ 
nation needs to know about it in some detail, as a back¬ 
ground for reviewing its strengths and weaknesses and 
assessing its current utility. Table 11.1 therefore shows 
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Shape 

Nectar 

site 

Nectar 

volume and 

concentration 

Pollen 

amount 

Pollen 

deposited 

Radial, flat or 
bowl-shaped 

Exposed 

Low V—mid C 

Mid/high 

Face, legs, underside 

Radial, flat; or flat 
inflorescence 

Usually 

exposed 

Low V—mid/ 
high C 

Low/mid 

Legs, face, thorax 

Radial or bilateral 
± deep with trap 

None 


Mid 

Most of body 

Small, long tube, 
often en masse 

Concealed 

Low V—low C 

Low 

Face, tongue, (± legs) 

Usually radial, 
moderate 

tube 

Concealed 

Low/mid V—low C 

Low 

Face, tongue 

Usually radial, 
long tube 
or spur 

Concealed 

Mid V—low/ 
mid C 

Low 

Face, tongue 

Bilateral or radial. 
Exposed or short/ 
medium tube 

Exposed or 
Concealed 

Mid V—mid C 

Mid 

Head, dorsal, or ventral body 

Bilateral or radial, 
short/medium 
tube 

Concealed 

High V—low C 

Low 

Forehead, beak, throat 

Bilateral or radial, 
bowl or brush 

Usually 

exposed 

High V—low/ 
mid C 

High 

Face, head 


the features of the basic pollination syndromes, as set 
out in many texts since the 1960s, and this table under¬ 
lies the next seven chapters of this book. 

Few would doubt that the syndrome idea has had its 
uses as a convenient pattern recognition system. Pol¬ 
lination biologists have become accustomed to speak¬ 
ing in syndrome terms, and find little difficulty in do¬ 
ing so, recognizing that there are certain “nodes” in a 
multidimensional phenotypic space that occur over 
and over again across taxonomic boundaries. It is of¬ 
ten very useful that an observer with no prior knowl¬ 


edge of a particular flower’s visitors can make an intel¬ 
ligent guess as to the likely pollinators, especially if it 
is possible to measure the nectar and observe the tim¬ 
ing of flower opening and dehiscence. Identification of 
syndromes and broad flower types has also permitted a 
rough analysis of how these vary in frequency in dif¬ 
ferent habitats, or in parts of one habitat: for example, 
it is possible to document that there are more fly-type 
flowers at high latitude, or more large bee and moth 
flowers in a tropical forest canopy and more small 
bee. hummingbird, butterfly, and beetle flowers on the 
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forest floor (see chapter 27). Recognition of such pat¬ 
terns can be the first step in seeking the reasons for 
them and in understanding the community as a whole. 
Whether the patterns that observers have thought they 
perceived are really supported by the evidence is the 
theme for chapter 20. 

If syndromes are real and important, they must be 
dependent on key features of the visiting animals. 
Some of these features are simply anatomical, con¬ 
cerning the physical matching of an animal body (or 
body parts) to flower structure. Others are behavioral 
and cognitive: the learning abilities and foraging and 
flower handling patterns of visitors. Others again are 
physiological: how thermal control systems affect vis¬ 
itors’ ability to forage at particular times and places. A 
fourth suite of features are broadly ecological, relating 
to life history patterns and matching phenologies. 
Each of these themes is taken up elsewhere, but some 
factors that underlie an appreciation of syndromes—in 
particular, aspects of floral constancy and of visitor ef¬ 
fectiveness as pollinators—are put in context below. 

2. Why Pollination Syndromes 
Can Be Defended 

A point that needs to be stressed at the outset is that 
pollination syndromes have always been recognized 
(often quite explicitly) as statistical rather than abso¬ 
lute constructs, suggesting that particular sets of floral 
characters were likely to be over-represented in plant 
species that were visited by particular types of visitor. 
The idea of a syndrome was never intended to be diag¬ 
nostic, such that mere observation of a flower’s char¬ 
acters could indicate unequivocally what its pollina¬ 
tors would be. The main authors of the syndrome idea 
were fully aware that pollinator communities and 
guilds vary enormously, with some flowers getting 
just one visitor type and others at the far end of the 
continuum getting many different visitors, varying in 
time and space. For example, van der Pijl (1961) de¬ 
scribed his flower-type groupings as “classes with bad 
boundaries but a clear center.” Hence terms like “fly 
flower” and “bee flower” were intended only as ap¬ 
proximations, to be tested by empirical study. It is un¬ 
fortunate that the syndrome idea has come under fire 
for being something much more than it was ever meant 
to be—there is some element of attacking a straw man 
here. 


Convergent Character Suites Do Exist 

There are clear and irrefutable arguments, set out in 
chapters 12-18, for real convergence of traits across 
unrelated flowers—in morphology and color and per¬ 
haps most clearly and compellingly in scent—for such 
categories as bird, or bee, or bat flowers. Particular flo¬ 
ral traits do act as attractants for particular kinds of 
visiting animal and as filters against other kinds of 
visitor. Thomson and Wilson (2008) used the term 
“evolutionary attractors” in considering the conver¬ 
gent states toward which phenotypes are drawn, with 
intermediate phenotypes rare, and discussed how evo¬ 
lutionary transitions between such states might occur 
(notably through different pollen-transfer efficiencies 
of visitors, loss of function in pigment pathways, or 
mutations with large effects on flower phenotypes). A 
few examples of suites of floral traits as phenotypic 
nodes within a genus should suffice here: 

1. In the genus Passiflora, despite very complex 
flower morphology (fig. 11.1), species occur with dis¬ 
tinctive suites of features that correspond with bee, 
bird, and bat pollination (Varassin et al. 2001); table 
11.2 shows details. The quantities and type of nectar, 
the color of the flowers, and above all the scents and 
volatile components all match with the traditional syn¬ 
drome suites for these visitors; bee and bat flowers 
show markedly stronger scents with more complex fra¬ 
grance compositions. In at least one species, the An¬ 
dean P. mixta, there is a single effective pollinator (the 
sword-billed hummingbird, Ensifera ensifera), which 
is declining due to forest fragmentation and may lead 
the plant into extinction (Lindberg and Olesen 2001). 

2. In the genus Penstemon, Wilson et al. (2004, 
2006) reported that the great majority of about 270 de¬ 
scribed species are predominantly bee pollinated, and 
these show the characteristic colors, corolla shapes, 
and anther exsertions of bee flowers. But they noted 
that about 40 species show the suite of adaptations 
suited to hummingbirds (red colors, longer, narrower 
corolla tubes with less pronounced lower lips, and 
markedly exserted and accessible anthers), and that 
these species also show a high frequency of humming¬ 
bird visits. This genus therefore yields clear examples 
of characteristic flower types that can readily be quan¬ 
tified and mapped in multidimensional ordinations, 
which in turn map on to pollinator change. 
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Figure 1.11 Passifloro species with different pollinators: (A) and (B) 
bird pollinated, usually red, with a moderate to long tube and an¬ 
thers held high above (Part (B) is P. coccinea ); (C) and (D) bee polli¬ 
nated, usually white or purple, with a flat corolla, a protected lidded 
nectary, and anthers set only a short distance above and held hori¬ 
zontally when dehiscing (Part (C) is P. rubra and (D) is P. holoserica). 
(Redrawn from Endress 1994.) 


3. Even within a species, there may be morphs 
across the distributional range that correspond with 
different visitors and visit frequencies. In southern 
California, Mimulus aurantiacus has red morphs 
coastally and yellow morphs at inland sites, the red 
morphs being favored by hummingbirds (95% prefer¬ 
ence in artificial arrays) and the yellow morphs show¬ 
ing greater than 99% hawkmoth visitation (Streisfeld 
and Kohn 2007). 

It follows logically from this that pollinators can 
often be predicted from floral traits. Throughout the 
pollination literature, there are cases where investiga¬ 
tors have predicted the likely pollinator of a flower 
from its visible and measurable characteristics and 
have then been able to prove the point. Examples can 
be found in many chapters of this book, but here is one 
recent case. Four sympatric species of morning glory 
(Ipomoea ) were compared with regard to their traits 
and then to their visitors (Wolfe and Sowell 2006). 
Two (/. hedereacea and I. trichocarpa ) were clearly 
bee types, with blue or purple flowers, large corolla 
openings, and small nectar volumes, while the other 
two (/. quamoclit and I. hederifolia) were bird types 
with red flowers, narrow openings, and large volumes 
of dilute nectar. The total pollinator fauna consisted of 
11 species of hummingbird, bee, and lepidopteran, but 
the first two plant species were the only ones visited by 
bees (getting 75% of their visits from these), while the 
last two were the only ones visited by birds (although 
80% of their visits were from sulfur butterflies). The 
authors conclude unequivocally that “pollination syn¬ 
dromes do aid in partitioning the pollinator fauna.” 

There are also many elegant examples of pollina¬ 
tion biology detective work that make no sense except 
in the light of an appreciation of convergent pollina¬ 
tion syndromes. The most famous is Darwin’s suc¬ 
cessful prediction of a very long-tongued moth polli¬ 
nator to match the exceptionally long-spurred corollas 
of a Madagascan orchid, the moth being discovered 
decades later (Nilsson 1988; and see chapter 14). Per¬ 
haps the neatest example, though, is the ieie plant, 
Freycinetia arborea, in Hawaii, anecdotally reported 
as pollinated by rats but evidently with few appropri¬ 
ate characters (see chapter 17). Cox (1982, 1983) 
watched the flowers much more carefully and saw vis¬ 
its only by an introduced bird, the Japanese white-eye; 
and characters of the flowers did fit with the perching 
bird syndrome (chapter 15). On checking historical re¬ 
cords, Cox found at least three perching bird species 










266 • Chapter 11 


Table 11.2 

Passiflora Species Exhibiting Different Syndromes 




Time of 

Nectar 


Pollen 

Habit 

Colors 

Scent anthesis 

concentration 

Pollinators 

placement 


0300 19-32 Bats Head 


P. mucronata 

Erect or 

inclined 

White 

Sweet 

P. alata 

Pendant 

Red purple 

Strong, 

sweet 

P. speciosa 

Erect 

Red 

Faint, 

acrid 

P. galbana 

Erect 

White 

Strong, 

fishy 


0430 

~ 45 

Anthophorid 

and 

euglossine 

bees 

Dorsal 

thorax 

0530 

35-40 

Hummingbird 
( Phaethornis ) 

Head 

1730 

22-32 

Bats 

Head 


Source: From Varassin et al. 2001. 


recorded as visitors, all now extinct or very rare; and 
museum specimens of the extinct Kona crossbill and 
of the extinct oue both showed plentiful pollen match¬ 
ing that of the ieie flowers on their head feathers. 

Character Suites Can Be Statistically Supported 

Syndromes as statistical or morphometric constructs 
can themselves be tested statistically, and some efforts 
along those lines have begun. Jurgens (2006) tested 
the characteristics of 53 species of Caryophyllaceae 
(diurnal and nocturnal, some self-pollinating) against 
their pollination mode with a canonical discriminant 
analysis (CDA) and found significant correlations 
between floral morphometry and mode, the key char¬ 
acters being factors that defined nectar accessibility, 
relative positions of anthers and stigmas, and visual 
attractiveness of petals. The best overall diagnostic 
trait was the distance between the nectar source and 
the tip of styles, where contact with pollen was made, 
a measure that neatly aligns with the physical fit of the 
pollinator; and this measure also differed significantly 
between the pollination modes. 

In a similar fashion, Smith et al. (2008) tested the 
pollinator shifts occurring in 15 species of lochroma 
(Solanaceae) with various Bayesian tree models using 


different patterns of trait evolution. They found that 
species with high nectar reward and large floral dis¬ 
play were statistically more likely to be hummingbird 
pollinated, although corolla length and color were not 
significantly linked with particular groups. Tripp and 
Manos (2008) used the large genus Ruellia (Acan- 
thaceae) for a similar rigorous analysis, finding signifi¬ 
cant floral differences among species with different 
groups of visitors, and with various reverse transitions 
apparent between hummingbird- and bee-visited spe¬ 
cies. Lazaro et al. (2008) assessed the associations be¬ 
tween floral traits and pollinator identity in three Nor¬ 
wegian flowering communities and found significant 
relationships, although hoverflies and butterflies visit¬ 
ed different plants in the three areas. Ecological gener¬ 
alization was more a property of the plants and polli¬ 
nators present than of specific floral traits. 

As a final example here, Marten-Rodriguez et al. 
(2009) mapped 11 floral traits across 19 species from 
the Antilles and 4 from Costa Rica from the family 
Gesneriaceae, to give clustering patterns in phenotypic 
space. They found two convincing clusters explicitly 
equating to hummingbird- and bat-pollination syn¬ 
dromes, and discriminant analysis correctly classified 
19 of the 23 species into the predicted categories. 

However, one large-scale study has refuted any sta¬ 
tistical robustness across the whole range of pollina- 
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tion syndromes (Ollerton et al. 2009); this analysis 
will be considered again at some length in chapter 20. 

Spatiotemporal Discrimination Is Critical 

There are many existing data sets showing multiple 
visitors to particular plants, and these are widely used 
in support of generalization and incorporated in most 
published analytical models. But these studies com¬ 
monly lack good spatiotemporal disaggregation of the 
data, rarely considering the varying patterns through 
time and space of either abundance or visitation, and 
so giving serious sampling artifacts. 

For example, a long-lived (vertebrate) visitor may 
be recorded as visiting ten different plant species dur¬ 
ing a study, but may in practice have visited only one 
or two at any one time, switching between species 
through a season as their flowering peaked in sequence 
(see chapter 21). Hence a bat or bird can be termed a 
generalist if seen in overview but is effectively special¬ 
ist at any one time, and this will be missed unless there 
is a good phenological data set. Thus studies over lon¬ 
ger periods have tended to indicate more generaliza¬ 
tion in visitors than have shorter studies (see Ollerton 
and Cranmer 2002). 

Aggregation of data on visitation from a broad spa¬ 
tial range carries similar problems, since a widespread 
species may interact with many visitors across its 
whole range but with only one or a few in any one lo¬ 
cality (e.g., Fox and Morrow 1981). Some plant spe¬ 
cies vary in their pollination in different parts of their 
range, or at different times of flowering, and there may 
be local selective effects toward specialization in each 
zone (see Herrera, Castellanos et al. 2006; Johnson 
2006). In practice, unless there is strong gene flow 
among populations, each relatively isolated population 
becomes adapted to its local pollinators, so that we 
may record generalization at the species level but ob¬ 
vious specialization at a regional or population level. 
There is some suggestion that where plant ranges are 
more affected by human activities they tend to be more 
generalist (see chapter 29), whereas natural ecosys¬ 
tems are more likely to show higher degrees of spe¬ 
cialization (Johnson and Steiner 2000). 

Thus what might seem to be a problem for a syn¬ 
drome approach, where one plant with two flowering 
seasons has only one of these overlapping with its spe¬ 


cialist visitor, can be overcome without the plant nec¬ 
essarily being regarded as a generalist. As a temporal 
example, the globe mallow has visits from one species 
of Diadasia bee when it flowers in spring, and from 
three species of Perdita bees in autumn (see Minckley 
and Roulston 2006); but this can still be reasonably 
called a very specialist plant. Examples of variation 
across a spatial range include the Mimulus example 
mentioned above, and Brink’s (1980) work on Aconi- 
tum at varying altitudes in California, described in 
chapter 10. 

Plants Are Often "Bet-Hedgers" 

Along similar lines, chapter 10 made it obvious that 
even quite specialized plants should “bet-hedge” the 
timing and patterning of their reward (typically their 
nectar offering), to try to attract the best (coadapted, 
coevolved, specialist) pollinators during the key early 
hours after anthesis and dehiscence, but potentially to 
still have enough reward left to attract other nonspe¬ 
cialist visitors later in the day (or over a few days). 
This will be particularly useful in habitats where 
weather can limit activity, such that conditions may be 
too poor for morning visitation (e.g., Harder and Bar¬ 
rett 1992). Some of the environmental effects on visi¬ 
tor timings (and on nectar) that would influence such 
effects were explicitly addressed in the last chapter. 

This kind of bet-hedging of reward may set a limit 
on specialization, but certainly does not argue against 
a plant being as specialist as it can. And again, if tim¬ 
ing of visitors is not taken into account, the plant will 
appear more generalist than is really the case in terms 
of its effective pollination. 

There Are Advantages to Being a Specialist 

One obvious advantage, to both plant and animal, lies 
with improved foraging efficiency. Examples occur in 
many of the following chapters, but three classic stud¬ 
ies will make the point. First, Strickler (1979) evalu¬ 
ated different bee visitors to Echium vulgare and found 
that oligolectic bees could fill nest cells (and so pro¬ 
duce offspring) more quickly than polylectic bees for¬ 
aging on the same plant; one specialist bee ( Hoplitis 
anthocopoides) visiting little else was much more 
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Table 11.3 

Differing Efficiencies of Bee Visitors to Echium vulgare 





Per flower 




Time 

Bee 

Dry 

body mass 
(mg) 

Flowers 

visited 
per stem 

Anthers 

depleted 

of 

pollen 

Handling 
time (s) 

Pollen 

removed 

(mg) 

Pollen 

collection 

rate 

(mg mim') 

Pollen 

needed 
per cell 
(mg) 

on 

flowers 

per 

offspring 

(min) 

Specialist* 

Hoplitis 

anthocopoides 

16.6 

2.5 

4.0 

5.7 

0.20 

2.1 

17.8 

8.4 

Generalistst 

Megachile 

16.8 

2.1 

3.9 

10.4 

0.14 

0.9 

35.2 

37.8 

Osmia 

14.3 

- 

3.7 

15.7 

0.19 

0.8 

14.4 

17.4 

Hoplitis producta 

4.4 

2.2 

3.1 

29.3 

0.14 

0.3 

6.4 

19.8 

Ceratina 

3.6 

1.9 

2.8 

31.7 

0.12 

0.3 

4.1 

13.3 


Source: Based on Strickler 1979. 

* Taking pollen from this plant only; and acquiring pollen and nectar simultaneously during a visit, 
t Taking pollen from several plant species; usually taking pollen and nectar separately, and/or from different species. 


effective, on all measures (table 11.3). Second, spe¬ 
cialist Habropoda bees were more efficient visitors 
than polylectic bees on blueberries ( Vaccinium ashei\ 
Cane and Payne 1988). And third, specialist long- 
tongued bumblebees such as Bombus consobrinus and 
B. vagans (or B. hortorum in Europe) handle the com¬ 
plex monkshood ( Aconitum ) flowers more efficiently 
than generalists (Laverty and Plowright 1988), rapidly 
becoming highly effective foragers for nectar, pollen, 
or both (fig. 11.2), and thus gaining this plant as an 
almost exclusive resource. 

This leads to another potential advantage, that of 
reducing interspecific competition. For animals, this 
may be an unlikely driving force for specialization, if 
sister species in practice tend to have similar flower 
preferences; and, for bees at least, oligolectic species 
tend to specialize on hosts that are widely attractive to 
many generalist bees, where competition tends to be 
high (Minckley and Roulston 2006; and see chapter 
18). But for plants, selection for efficient despatch and 
receipt of pollen when pollinator availability is limit¬ 
ing may be a key force in driving floral shift and even¬ 
tual speciation (Johnson 2006). 

Neither of these points means that specialist re¬ 
lationships will inevitably evolve; but they enhance 


the likelihood of specialization, at least in certain 
circumstances. 


Specialization Is Not Necessarily a Risky Strategy 

Although some one-to-one species interactions do 
carry extinction hazards, as in the passionflower ex¬ 
ample already mentioned, many or perhaps most spe¬ 
cialists turn out to be not as much at risk as might have 
been thought, since most of them have fallback mech¬ 
anisms of clonality, longevity, facultative selfing, and 
so on, that give a measure of reproductive assurance. 
Fenster and Marten-Rodriguez (2007) showed that 
facultative delayed autonomous selfing was in fact 
rather common in plants with specialized floral traits, 
especially those that were protandrous; and statistical 
analysis within the genus Schizanthus likewise found 
higher levels of delayed autonomous selfing in the 
more specialized species (Perez et al. 2009), serving as 
a safeguard against pollinator failure. In other words, 
there is no inconsistency to being both specialized and 
able to facultatively self-fertilize (which has some¬ 
times been proposed as a paradox, acting against the 
evolution of specialization). 
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Figure 11.2 Bumblebees (Bombus vagans) foraging on Aconitum flowers; inexperienced workers represented at the 
top make incorrect approaches (vertical bars), or probe for nectar among the anthers (-), or visit buds (B), only oc¬ 
casionally achieving a correct N or P visit; whereas experienced foragers (three examples shown below) make re¬ 
peated correct visits for N or P or both. (Modified from Laverty and Plowright 1988.) 


One good specific example of effective fallback 
systems is Ixianthes retizioides, a South African shrub, 
which seems to be surviving very well in the long 
term despite the loss of its specialist oil-collecting bee 
(Steiner and Whitehead 1996). A further example 
comes from many of the agaves in North America, 
which are bat plants in all classical respects, but which 
are surviving with bee pollination where bat migra¬ 
tion corridors or bat roosts have been disrupted— 
a scenario perhaps inevitably used by some (e.g., 
Slauson 2000) to argue against the existence of 
specialization. 


Pollinator-Mediated Selection Exists 
for Particular Floral Traits 

Selection on flower traits can be shown to operate un¬ 
equivocally, and over relatively short time spans, often 
leading to more specialist floral designs. For example, 
there has been rapid evolution and speciation in Aqui- 
legia (Hodges 1997), with greater species richness in 
the taxa with longer corollas, and especially rapid ra¬ 
diation following the acquisition of nectar spurs, a 
finding also supported by a more substantial phyloge¬ 
netic analysis across the angiosperms (K. Kay et al. 
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Figure 11.3 A 

Armbruster 2006.) 
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2006). This would indicate that increasing specializa¬ 
tion can rather quickly lead to increased success within 
a clade (see also Dodd et al. 1999). 

Similar analyses of shifts between specialist polli¬ 
nation syndromes have been documented in many 
other genera. In the African orchid genus Disci, John¬ 
son et al. (1998) showed 27 species with multiple 
shifts, with 19 different pollination syndromes, includ¬ 
ing convergent origins of butterfly pollination twice, 
carpenter bee pollination twice, and nocturnal moth 
pollination four times. Effects were even more spec¬ 
tacular across the Iridaceae in southern Africa (Goldb- 
latt and Manning 2006; see chapter 27 and details in 
table 27.1). Elongation of corolla tubes was clearly 


specifically related to selection from hawkmoths with¬ 
in the genus Gladiolus, the species G. longicollis hav¬ 
ing tubes ranging from 56 to 129 mm long and show¬ 
ing a positive relation between tube length and seed set 
from visiting moths with 85-135 mm tongues (Alex- 
andersson and Johnson 2002). In the Collinsia and 7b- 
nella group (Scrophulariaceae; Armbruster 2006), the 
former has proved to be specialized and has 20 species, 
the latter unspecialized and with only two (fig. 11.3). 
The evolution at least twice of “funnel revolver’’ bird- 
pollinated flowers in Nasa is also of note here (Weigend 
and Gottschling 2006; see chapter 2); and a great many 
other examples will be seen in other chapters where a 
genus or family has repeatedly produced two or more 
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flower types, each associated with particular pollinator 
types. In fact, much of the pollination literature from 
experienced field workers would make little or no 
sense if this obvious linkage between flower type and 
selection by principal pollinator type is removed. 

Herrera’s analysis (2001b) of variation in traits of 
various papilionate legumes in southern Europe is es¬ 
pecially helpful in showing much more variation in 
traits unrelated to pollination (e.g., pedicel length, 
stem diameter) than in those features of petal and ca¬ 
lyx that would affect visitors’ flower choices. Based 
on this and many other examples from Mediterranean 
floras, Herrera, Castellanos et al. (2006) advocated the 
need for analysis of selective shifts in flowers at an 
intraspecific geographical level (raising the issue of 
spatial discrimination again), and their results with La¬ 
vandula do indicate local differentiation in floral traits 
driven by variable selection from local pollinators (fig. 
11.4). Johnson (2006) likewise stressed and demon¬ 
strated the need for more intraspecific studies of plants 
mapped against the geographical pollinator mosaic, to 
detect local specialization; and, pursuing this theme, 
Anderson and Johnson (2008) provided a compelling 
example of local matching of flower depth and bee-fly 
proboscis length in Zaluzianskya, the fit of fly and 
flower materially affecting plant fitness across a sub¬ 
stantial geographic range. Finally, several examples 
reveal that pollinator-mediated selection works strong¬ 
ly at the population level and not merely the species 
level. The same authors (2009) showed local conver¬ 
gent variations of corolla depth and the proboscis 
lengths of pollinating nemestrinid flies ( Prosoeca ) 
across guilds of up to 20 plant species, with the fly 
tongues varying between 20 and 50 mm in different 
sites. Again, Medel et al. (2007) documented geo¬ 
graphic effects in Mimulus luteus in Chile: corolla size 
increased with the proportion of bees in the pollinator 
assemblage of a given locality, and nectar-guide size 
increased with the proportion of hummingbirds pres¬ 
ent, again indicating pollinator-mediated divergence. 
Even more strikingly, an Andean cactus ( Echinopsis 
ancistrophora ) showed extreme variation across 11 
populations studied (Schlumpberger et al. 2009), with 
corolla lengths varying between 4.5 and 24.1 cm, the 
shortest flowers having morning anthesis and low nec¬ 
tar production (0-15 pi) while the longer flowers 
opened at dusk with prolific nectar (up to 170 pi). Sph- 
ingid moths were prevalent only in the four popula¬ 
tions with the longest corollas, and all other popula¬ 
tions were mainly pollinated by solitary bees. 
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Figure 11.4 Local scale variation in Lavandula latifolia and its pollina¬ 
tors, in southern Mediterranean sites: (A) increases in corolla tube 
length and upper lip length, from south to north across 40 km, with 
vertical bars showing range; (B) proportions of flower visits due to 
Hymenoptera increasing (above) and Lepidoptera decreasing (below) 
across the same latitudinal range. (Redrawn from Herrera et al. 

2006.) 
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A) selected species illustrated against an in¬ 
formal ordination (redrawn from Wilson et al. 2004), and (B) 49 spe¬ 
cies with known visitation patterns in a multidimensional scaling ordi¬ 
nation where axis 1 correlates well with color and major shape traits, 
and with bird versus bee or wasp visitation, while axis 2 relates more 
to display size and anther to base distance; open circles are bee-polli¬ 
nated species, and closed squares are bird-pollinated species; (C) a 
summary of the occurrence of bee (open circles) and hummingbird 
(closed circles) pollination against a parsimonious phylogeny of 194 
species of Penstemon and Keckiella, with 23 shifts of syndrome re¬ 
quired to produce the 29 bird-pollinated species (Parts (B) and (C) re¬ 
drawn from Wilson et al. 2006). 
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A particularly striking and persuasive example 
is the substantial work by Wilson et al. (2004, 2006) 
on the genus Penstemon, referred to under point (1) 
above; the association of hummingbird traits and visi¬ 
tation is shown in figure 11.5, A and B. These data 
have been mapped onto a phylogeny of the group, re¬ 
vealing multiple (at least 13, perhaps up to 24) sepa¬ 
rate and convergent shifts from ancestral bee traits to 
derived hummingbird-related adaptations; Wilson et 
al. (2007) used updated analyses to locate 21 separate 
origins of ornithophily. About half of these evolution¬ 
ary shifts have produced species that exclude bee visi¬ 
tors seeking nectar, with the other half producing vary¬ 
ing degrees of intermediates. There have also been 
single shifts to long-tongued fly flowers and to butter¬ 
fly flowers, and a few shifts to specific visitation by 
large bees ( Xylocopa —flowers with more open vesti¬ 
bules and shorter corollas) or small bees ( Osmia —long 
narrow corollas). Figure 11.5C summarizes these find¬ 
ings. Many radiations to new species do not entail pol¬ 
linator shift, but there are alternative stable character 
suites (i.e., syndromes), with relatively few species ex¬ 
hibiting the intermediate character suites. These au¬ 
thors detected fixed patterns and sequences for the evo¬ 
lution of hummingbird-related floral traits, interestingly 
with nectar modification as the likely first stage. They 
used the term “syndrome gradient” to describe the 
situation in this plant genus, with pollination shifts 
(from bee to bird) as evolution along this gradient. 

Another study including careful phylogenetic map¬ 
ping was that of Schizanthus by Perez et al. (2007), 
who showed that integration of corolla traits was 
clearly shaped by pollinator-mediated selection. Here, 
integrated character sets differed between species, and 
when plotted against a molecular phylogeny showed 
no relatedness patterns, indicating separate selection 
on different species acting on a palate of possible traits 
present in the genus. 

Work on Mimulus (Bradshaw and Schemske 2003) 
took the evidence to the genetic level and showed that 
a single allele substitution at the yellow upper ( YUP ) 
QTL locus alters the color of M. lewisii flowers from 
pink to yellow-orange, and that of M. cardinalis from 
red to dark pink. Where these two species normally 
had overlapping ranges they were more than 99% re- 
productively isolated, attracting bumblebees and hum¬ 
mingbirds, respectively. After manipulating color 
changes by substituting the alternative YUP allele, M. 
lewisii received a 68-fold increase in hummingbird 


visits (so was only slightly more likely to be visited by 
a bee than by a bird), and M. cardinalis received a 74- 
fold increase in bee visits. Thus an adaptive shift in pol¬ 
linator preference and a resultant major change of spe¬ 
cialization were initiated by a single major mutation. 
Very similar effects are also known in Petunia, where 
a single gene can cause color change and a major shift 
in the pollination syndrome (Hoballah et al. 2007). 

To conclude this section, the widespread conver¬ 
gent evolution of suites of floral traits across often 
very distantly related plant families is, in itself, unam¬ 
biguous evidence that pollinators have a major (per¬ 
haps the predominant) role in shaping floral adapta¬ 
tions (e.g., Fenster et al. 2004; Johnson 2006). The fact 
that we are now more aware of other interacting and 
sometimes opposing selective forces on flowers (see 
chapters 20 and 25) does not alter this key issue. 

Constraints on Specialization Are Hard to Find 

Despite the enormous literature on pollination biology, 
it is rather hard to pinpoint specific cases of develop¬ 
mental or genetic constraints that limit specialization, 
although the idea of such constraints has often been 
promulgated. It might be noted that several studies on 
Raphanus by Conner (reviewed in 2006) indicated that 
genetically correlated traits in flowers, which might be 
expected to be constrained, could in fact evolve inde¬ 
pendently rather easily; and other studies have usually 
found a lack of correlated constraint with other traits 
on key floral features such as color (e.g., Frey 2007). 
An analysis of floral and mating traits in Clarkia (Dud¬ 
ley et al. 2007) specifically concluded that there was 
no evidence of genetic constraints governing joint dis¬ 
tributions of particular floral and plant traits. 

Specialization and Multiple Distinct Syndromes 
Are Common in Tropical Ecosystems 

There are now a number of good studies in previously 
underexamined areas of the tropics that do show the 
prevalence of specialization. One example comes from 
Sarawak, where out of 270 species studied across an 
entire forest system only 37 were considered to be di¬ 
verse or generalist in their pollination system (Momo- 
se, Yumoto et al. 1998). Another case is that of high- 
altitude tropical grassland in Brazil, where careful 
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observations showed that of 106 plant species one- 
third were monophilous and one-third oligophilous 
(defined as visited by one or two functional groups of 
pollinators), with the remaining third generalist (Freitas 
and Sazima 2006). (These authors regarded their eco¬ 
system as unusually generalist relative to other Bra¬ 
zilian and Venezuelan zones, and linked that to the 
fragmentation of the high grasslands by repeated 
glaciations.) 

The issue of specialization versus ecosystem type 
will be examined properly in chapter 20. 

The Existence of a Generalist Syndrome 

There is an idea in parts of the literature that the exis¬ 
tence of very obviously generalist flowers—umbellif- 
ers, daisies, hawthorn, or lime blossom—inevitably 
undermines the concept of syndromes. This is extreme¬ 
ly debatable. Such flowers were neatly described by 
Proctor et al. (1996) as “catering for the mass market”; 
but of course their market is that of the small and the 
short tongued, and they do not generally receive visits 
from long-tongued insects, or from vertebrates. They 
can reasonably be described as a syndrome in their 
own right, as in chapters 12 and 13, characterized as 
open, radial, bowl shaped, or flat; with accessible pol¬ 
len; with exposed nectar at relatively high concentra¬ 
tion and low volume; commonly white, cream, or yel¬ 
low-green in color; and often very small and grouped 
together as inflorescences. Such flowers receive many 
visits from flies, beetles, smaller wasps, and short- 
tongued bees. The often repeated view that the syn¬ 
drome classification fails to include most of these 
flowers is just misleading. A more balanced view is 
that this group of flowers are morphologically special¬ 
ized to be ecological generalists (Corbet 2006). Even 
among the most classically generalist flowers such as 
Heracleum, the numerous visitors are not by any 
means all of equal effectiveness as pollinators (chapter 
12; Zych 2002, 2007). 

Increased Pollinator Diversity 
Promotes Plant Diversity 

Pollination is primarily an animal-mediated phenom¬ 
enon, but there seems no intrinsic reason why more 
diverse pollinator assemblages should increase plant 


diversity unless specialization is a rather important 
component of the animal-plant interactions. We saw in 
chapter 4 some evidence that plant diversity and pol¬ 
linator group diversities went hand-in-hand through 
evolutionary time. On a more contemporary time scale, 
Fontaine et al. (2006) manipulated the functional di¬ 
versity of pollinator assemblages (bees and hoverflies) 
in caged areas of an undisturbed meadow in France, 
and within two years found a 50% increase in plant 
species diversity in areas with high pollinator diver¬ 
sity, as well as a striking complementarity between 
functional groups of pollinators and plants. They did 
not use the currently out-of-favor term “syndromes” in 
their study, but it was clearly the number of syndromes 
present in the system that was increasing. 

Many Flower Visitors Show Strong 
Floral Constancy 

Most of the animal groups that visit flowers regularly 
do so in nonrandom patterns. They choose particular 
types of flower, and do so repeatedly. Moreover, they 
very commonly return to the same species of flower, or 
even the same patch of that species, trip after trip and 
day after day. This is a crucial component of the argu¬ 
ment in favor of pollination syndromes and is there¬ 
fore taken up below in more detail. 

3. Flower Constancy 

Floral syndromes must in part be dependent on floral 
constancy, which implies that a visitor moves sequen¬ 
tially and reliably among conspecific flowers, whether 
for pollen, nectar, or occasionally more unusual re¬ 
wards. There may be strong selection for flower con¬ 
stancy in visitors, as it is potentially beneficial for both 
partners of the mutualism. Constancy to a flower spe¬ 
cies, and/or to a site, can improve the foraging effi¬ 
ciency and economy of the animal by minimizing 
travel distances, handling times, and overall foraging 
times, while also maximizing pollen packing; but it 
should be favored only where savings on handling 
time on the chosen plant exceed the costs of increased 
travel time between patches while other flowers are 
ignored. Flower constancy (and hence pollen constan¬ 
cy) is also crucial for the plant, helping to ensure re¬ 
productive isolation and maintain species differences. 
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All the advertisement signals and control of rewards in 
flowers could be selected to achieve both attraction 
and constancy. 

The concept of flower constancy is not completely 
straightforward, though. First, it may be usefully di¬ 
vided into passive constancy (Thomson 1982), where 
only one plant species is in flower, or where flowering 
species are strongly aggregated and effectively enforce 
intraspecific movement, and active constancy, where 
several plant species are intermingled but only one is 
visited; only the latter is of real concern here. Second, 
it has to be distinguished from a general preference for 
one kind of flower phenotype. Flower constancy is 
sometimes termed flower fidelity, but this latter term 
has also been used in a broader sense to encompass 
both floral constancy (as seen in the temporal behavior 
of foragers) and oligolecty, referring to a more fixed 
feeding specialization relevant to a species or taxon 
rather than to individuals (Cane and Sipes 2006). In 
other words, specialization and active flower constan¬ 
cy may partly be imposed by floral characters, but 
sometimes are dictated by innate characters of the visi¬ 
tors. Thus the terms “innate fidelity” or “fixed prefer¬ 
ence” have also been used to refer to these latter cases, 
with ‘“learned fidelity” or “labile preference” as the 
alternative terms for constancy related to ongoing se¬ 
lection of flower features. In this book, the term “con¬ 
stancy” is used to avoid confusion, as we are mainly 
concerned with forager behavior. Even with this us¬ 
age, though, flower constancy as a feature of an indi¬ 
vidual flower visitor can be used to refer to successive 
trips, or even trips on successive days (e.g., Free 
1970b), but it is more commonly used to refer to be¬ 
havior within a single foraging trip, a kind of “tempo¬ 
rary oligolecty” in a given flower visitor. Flower con¬ 
stancy is then manifested as a tendency to specialize 
on flowers of a particular plant species, or even more 
specifically as a tendency to visit the same flower type 
as the one last visited. 

For animals, floral constancy may be based upon 
flower shape, or color, or upon scents, or a combina¬ 
tion of these. There may even be constancy to foraging 
height that can be exploited by a plant, for example in 
butterflies (Levin and Kerster 1973), honeybees 
(Faulkner 1976), and solitary bees (Frankie et al. 
1983). In any of these cases, constancy requires some 
degree of learning based on recognition of features, 
and it may also require learned flower handling skills. 
However, it also requires a limitation on learning, pre¬ 


cluding the visitor from remembering how to deal with 
too many flower types at any one time. A sensory sys¬ 
tem and behavioral motor patterns that can be tempo¬ 
rarily fixed in one mode might be ideal, and this under¬ 
pins the search image idea whereby flower visitors 
have a perceptual bias for a particular flower at a given 
time (Goulson 2000; Dukas and Kamil 2001; and see 
the review by Chittka et al. 1999). 

But absolute flower constancy would be counter¬ 
productive to the animal, as the forager would never 
discover other more rewarding sources. Hence most 
flower-foraging animals regularly check other flower 
species. Among the bees, solitary species do it more 
than social ones; in the latter, the checking can be left 
to the scout bees, who monitor and pool information 
about other flowers available to the nest, and can then 
instruct the foragers on the best flowers to visit. 

Measuring and Categorizing Flower Constancy 

Using the simplest form of recording, there are innu¬ 
merable direct observations of foraging, spanning near¬ 
ly 150 years of work by naturalists and field biologists, 
to confirm that in natural settings many flower-visiting 
animals will regularly or repeatedly visit just one flow¬ 
er species, whether for nectar, or pollen, or both. 

Records of pollen load composition are another use¬ 
ful indicator when assessing flower constancy, espe¬ 
cially for bees where the pollen from many successive 
flowers is loaded into a scopa, and such records gener¬ 
ally indicate quite strong floral constancy (table 11.4). 
But the table may mask even greater constancy in 
practice. In honeybees, Grant (1950) and Free (1963) 
recorded 90%-98% constancy to one plant species on 
a single trip (see also Hill et al. 1997), and in bumble¬ 
bees Heinrich (1976a) found 55% of individuals with 
just one pollen type but another 32% with just two 
types (see also Heinrich et al. 1977; and Chittka et al. 
1997). So even where pollen samples on the body are 
not pure they rarely contain more than two or three 
types and are strongly dominated by just one pollen 
form. An alternative assessment can be gained from 
the contents of individual cells from bee nests, and this 
again often indicates constancy over the many trips re¬ 
quired to fill one cell (examples are given in chapter 
18). These kinds of data might perhaps be biased by 
different ease of pickup of pollen types but still are 
good indications of flower constancy, especially in so- 
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Table 11.4 

Bee Pollen Load Compositions (Relative Frequency) 


Genus 

% pure loads 


Andrena 

44-68 


Halictus 

75-84 


Megachile 

65-75 


Anthophora 

20 


Bombus 

49-69 


B. lucorum 

66 

Free 1970b 

B. muscorum 

37 

Free 1970b 

Apis 

62-94 

Multiple sources 

Trigona 

88 

White et al. 2001 


Source: Data modified from sources in Grant (1950) ex¬ 
cept where shown. 


cial bee species. (Note that they are not necessarily 
good indicators of pollen-specialization—oligolecty 
versus polylecty—for reasons discussed by Cane and 
Sipes 2006 and pursued in chapter 18). Records of in¬ 
terplant constancy or switching also give good con¬ 
stancy values for other bees, for example 77% in 
Trigona (Slaa, Cevaal, and Sommerheijer 1998) and 
around 43% in Trichocolletes (Gross 1992). 

Bees are much easier to gather data from, by any or 
all of the techniques listed above, but a good degree of 
floral constancy has also been reported for butterflies 
(Lewis 1986, 1989; Goulson and Cory 1993; Goulson 
et al. 1997), for beetles (Pellmyr 1985; de Los Mozas 
Pascual and Domingo 1991), and for certain flies 
(Goulson and Wright 1998); details are given in the 
next few chapters as appropriate. 

As a rough overview, constancy is lower in visitors 
that combine foraging with other tasks, that is, most 
nonsocial animals. Social bees only do flower visiting 
once they become foragers, but butterflies, beetles, and 
flies might be combining feeding, mating, and oviposi- 
tion all in one trip. For example, egg-laying Pieris but¬ 
terflies switch plant species more often than do males 
or nonovipositing females (Lewis 1989). Thus in 
groups other than bees constancy is improved if tasks 
can be kept separate, and this is often achieved by in¬ 
nate sensory recognition patterns, so that Pieris indi¬ 
viduals will extend their tongues to blue or red target 


colors but will tap their tarsi on yellow-green targets, 
indicating innate systems for distinguishing flowers 
from leaves. Another neat example comes from 
dunglies (Sarcophagidae), which prefer yellow colors 
linked with sweet scents and brown colors linked with 
carrion scents (here mistaking the flower for an egg- 
laying site), and therefore tend to visit either flowers 
or dung at different times and not to mix their visits. 

All of the above could be criticized as somewhat 
anecdotal or indirect, or both. Several more precise in¬ 
dices of flower constancy have therefore been utilized 
for comparative purposes (see Dafni et al. 2005). They 
rely essentially on measures of floral visitation fre¬ 
quency or of floral visitation sequence. Some of the 
indices proposed are more suitable for laboratory 
choice tests than fieldwork. Waddington (1983) used 
probability matrices for all the possible transitions be¬ 
tween flower types, but this gets complicated with 
more than three or four flower types. The Bateman in¬ 
dex uses a calculation analogous to genetic analysis, 
where constancy can range from -1 to +1, but can pro¬ 
duce strange results (e.g., where many visits in turn to 
the same plant are preceded and succeeded by single 
visits to another, which registers as random visitation). 
Levin (1970) instead used a fidelity index that divided 
constant transitions (between the same flower types) 
by all transitions made, and this has been more widely 
adopted and termed the constancy index , with a range 
of 0-1. 

However, constancy also depends on plant density, 
and on season, so that no one measure is necessarily 
definitive for a particular foraging species. 

Causes of Floral Constancy 

Constancy probably has multiple causes (Chittka et al. 
1999), but it is commonly attributed to limited cogni¬ 
tion on the part of flower visitors, making them unable 
to store or process or recall information adequately 
about multiple flower types (Waser 1986; Lewis 1993; 
Dukas 1998; Goulson 2000; Menzel 2001). This theo¬ 
ry can perhaps be subdivided into two versions: 

1. Darwin ascribed constancy mainly to limitations 
on pollinators’ motor learning, constraining their 
handling skills on particular flowers. Waser (1983b, 
1986) formalized this as pollinators being constant be¬ 
cause they cannot remember too many handling skills 
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Figure 11.6 Testing Darwin's explanation of flower constancy; data 
from six different studies as summarized by and redrawn from Gege- 
ar and Laverty (2001), showing the increase in handling time for a 
visitor that switched to learning new flowers, compared with an ex¬ 
perienced constant visitor. The increase in handling time for one ex¬ 
tra flower is usually only 0-2 s, or up to -100%, although switching 
through three or more flowers can produce -300% increases, and up 
to 600% in the only study (*) involving butterflies rather than bees. 
(Open squares show complex flowers, closed squares represent sim¬ 
ple flowers.) 



Figure 11.7 C 


Redrawn from 


simultaneously, while Lewis (1993) more specifically 
proposed that learning to handle new flowers disrupts 
the memory of old handling skills for other flowers. 
Collectively, these views can be termed “Darwin’s in¬ 
terference hypothesis”; in effect, constancy arises be¬ 
cause it minimizes the costs of learning and relearning 
flower handling skills. If this approach is correct, then 
an experimentally forced switch of an animal to a new 
flower should increase its handling time on the old one 
that it was accustomed to. A flower visitor could be 
trained on flower species A, switched to species B, and 
then retested on A. If it were then slower than before in 
its handling of A, this could be due to the direct nega¬ 
tive effects predicted by the Darwinian hypothesis, or 
simply due to forgetting, but the latter could be con¬ 
trolled for by testing A twice with a similar time gap 
between trials and no intervention of species B. Tests 
of this kind are shown in figure 11.6, based on several 
studies (pooled by Gegear and Laverty 2001), and in¬ 
dicate that there is only a limited effect on handling 
speed for bees although a much bigger effect for but¬ 
terflies (see also Goulson, Stout et al. 1997). The re¬ 
duced performance on the original flower was mark¬ 
edly more pronounced when there was more than one 
new flower species, then giving a roughly 50% decre¬ 
ment in handling time for bumblebees. Overall, Gege¬ 
ar and Laverty concluded that there was only a weak 
link between switching cost and the strength of con¬ 


stancy, suggesting only limited support for this version 
of constancy theory. 

2. An alternative is the search image hypothesis, 
which views the limitation as being at the sensory level 
rather than lying with motor skills. The examples giv¬ 
en above for Pieris and for dung-flies indicate the im¬ 
portance of innate recognition skills in flower han¬ 
dling. There is also evidence that bumblebees do stick 
to one color of flowers requiring different skill types, 
but avoid flowers that require the same skill in differ¬ 
ent colors (P. Wilson and Stine 1996). Gegear and La¬ 
verty (2005) tested bumblebees with an increasing 
number of trait differences between available artificial 
flowers and found that the bees showed higher con¬ 
stancy when flowers differed in more traits, suggesting 
a limitation in their ability to seek out or remember too 
many combinations of flower traits at the same time. 
So sensory learning clearly does enter into the con¬ 
stancy debate. Moreover, the sensory modality in¬ 
volved will affect how fast animals learn to revisit a 
flower and how readily they give up on it. For example, 
Apis learn floral scents faster than colors, and can 
choose a flower scent correctly after a single visit 
around 95%-100% of the time, especially where the 
odor is relatively complex (chapter 6). In contrast, col¬ 
ors need 3-6 visits to get to 90% accuracy, and shapes 
need at least 20 visits (fig. 11.7). 
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Are the two ideas mutually exclusive? Clearly not, 
but it is very hard to test between them, requiring the 
use of artificial flowers with careful independent con¬ 
trol of variables. With such tests, it seems to be gener¬ 
ally true that constancy is greater when perceived flo¬ 
ral characters are more distinct, and greater again when 
the flowers are made to differ in more than one trait. 
Bumblebees do appear to search for the same image 
just after leaving one flower, but this effect decays 
within 4-5 s, so it cannot fully explain their normal 
levels of constancy. However, honeybees are much 
more constant when tested on mixed artificial arrays 
and in the field, and they may be more reliant on search 
images than are Bombus. 

It may be fair to assume that both sensory and mo¬ 
tor limitations affect constancy. This suggests that the 
constraints on pollinator behavior have over time se¬ 
lected for divergence of floral traits in mixed commu¬ 
nities of outcrossing plant species. Where plants com¬ 
pete with each other for visitors, we might expect 
selection for more isolated floral trait phenotypes that 
are defined by the sensory or motor limitations of the 
predominant local visitors. Interestingly, Ostler and 
Harper (1978) analyzed floral features in 25 communi¬ 
ties, and found that flower diversity (for color, tube 
shape, and bilaterality) was correlated with the num¬ 
ber of co-occurring species, that is, that plants were 
indeed showing isolation in sensorimotor space. How¬ 
ever, this does not necessarily mean that they inevita¬ 
bly become reproductively isolated or that in the lon¬ 
ger term constancy from visitors can drive the plants to 
speciate (Chittka et al. 1999). 


4. Pollinators and Visitors 

Many animals are flower visitors, but they are by no 
means all effective flower pollinators. There is a cru¬ 
cial need to distinguish between these, and much of 
the literature is bedeviled by this problem; a failure to 
make the distinction between all visitors and effective 
pollinators is a key issue in the current debates about 
generalization and specialization in pollination biolo¬ 
gy (Waser and Ollerton 2006). As we shall see in chap¬ 
ter 20, recent studies have often meticulously recorded 
all visitors to particular plant species and then con¬ 
structed pollination webs from the data, when in prac¬ 
tice only tiny proportions of the visits of some animals 
might be involved in effective pollination. As a conse¬ 


quence, an impression of broad generalization is per¬ 
haps mistakenly presented. 

In other words, visitors may or may not provide a 
pollinator service, and the nature of their visits can be 
limiting to plant success. This limitation can be either 
by being insufficient (too few visits received) or by be¬ 
ing inferior (visits are frequent, but anthers and/or 
stigmas are rarely contacted and pollen dispersal is 
poor, so that mate choice for the plant is low and any 
offspring that do result may be of poor quality). These 
two kinds of unsatisfactory visitation have different 
selective effects on floral characters: 

1. Insufficient pollination results from visitors being 
inherently rare or being more attracted to other 
plants in the community, and it tends to select for 
selfing with assured (though potentially lower 
quality) seed output 

2. Inferior pollination may be intraspecific, where 
there is poor pollen dispersal within a plant spe¬ 
cies (poor carryover, or excessive intrafloral or 
geitonogamous pollen discounting); or it may be 
interspecific, usually due to inappropriate size or 
behavior, or poor flower constancy, in the visitors. 
Either of these may tend to select for greater spec¬ 
ificity in the interactions. 

The goal, if we seek to understand pollination ecology 
properly, has to be to measure the pollinator effective¬ 
ness of each type of visitor, and the pollination effi¬ 
ciency as received by the plant, so that we know how 
useful both the apparently ideal (coadapted, co¬ 
evolved?) visitors and the apparently “wrong” visitors 
really are. In fact the issue can be broken down into 
several key components. 

First, of all the recorded visitors, which of them 

1. visit at the right time, when fresh pollen is avail¬ 
able? (any predehiscence, or postdepletion visits 
are useless for the plant’s male function; and visits 
before or after stigma receptivity have no value for 
female function); 

2. effectively pick up and carry pollen on their bod¬ 
ies? (dependent on being a suitable size and hav¬ 
ing suitable surfaces, as well as on appropriate be¬ 
haviors for picking up pollen and not grooming it 
all off too quickly or eating it all); 

3. show enough floral constancy to visit the same 
species again, frequently and quickly? 

4. transfer some viable pollen to the next conspecific 
stigma they encounter? 
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And then, for the plants, how much transferred pollen 
is needed for effective fertilization? 


Defining and Measuring Pollinator 
Effectiveness 

In principle, this might appear straightforward, and 
both pollinator effectiveness and pollination efficiency 
are widely used terms, but they mean different things 
to different people. The concepts have rarely been 
taken the same way in any two studies; Inouye et al. 
(1994) identified 18 different usages of the first term 
and 7 of the second, and proposed clarifications which 
regrettably have not been widely taken up. Table 11.5 
presents some of this complexity. 

In the past some authors have assessed efficiency or 
effectiveness as a pollinator simply in terms of pollen 
load analyses, or the average percentage of conspecific 
pollen on visitors captured at flowers or at nests; but 
these measures do not distinguish flower constancy 
from pollen constancy and cannot give real estimates 
of the probability of pollination (for example, on some 
plant species bees may actively gather pollen from an¬ 
thers and have a high pollen constancy, but never in 
practice contact a stigma in the visited flowers). Other 
authors have used relatively simple measures of seed 
or fruit set per visit received, but this is complicated 
because different plants require different amounts of 
pollen for full fruit set (and therefore different visit 
numbers), and because time spent per visit can affect 
visit efficiency. Ne’eman et al. (1999) proposed a mea¬ 
sure based on pollen loads (the pollination probability 
index PPI) as the product of the mean proportion of 
conspecific pollen on a given visitor species and the 
proportion of those visitors carrying that pollen at all, 
but although useful as a rule of thumb in given con¬ 
texts (and especially with bees, which can be assessed 
at the nest) this measure too has limitations. Other 
measures have been used that are particularly suited to 
crop assessments, but those are rarely useful to a pol¬ 
lination ecologist. 

A measure of effectiveness, to be most useful, 
should incorporate both 

1. per visit effectiveness for a given visitor species 
making a visit of normal length, estimated from 
conspecific pollen deposited on stigma, or pollen 
removed, or seed set, but with the first of these be¬ 


ing most reliable and most relevant (and also easi¬ 
est) for a pollination ecology study and 

2. visit frequency for that visitor. 

Both of these may have to be measured against a 
temporal axis, in relation to dehiscence and stigma re¬ 
ceptivity timing in the plant concerned. The overall ef¬ 
fectiveness for fair comparisons between visitors 
should then ideally be the product of these two mea¬ 
sures, and that product is sometimes termed “pollina¬ 
tor importance” (e.g., Bloch et al. 2006; Reynolds and 
Fenster 2008) although others would still call it polli¬ 
nator effectiveness. 

Those are normally the crucial variables that need 
to be measured, but in addition it may sometimes be 
important to factor in visitor mobility, that is, the dis¬ 
tances traveled between visits by particular animals. A 
visitor that forages regularly and with good floral con¬ 
stancy and carries large pollen loads may still be a 
poor pollinator if its mobility is low and it mainly 
moves pollen within a plant or within a clone of a 
plant. For example, birds and bats both visited Syzy- 
gium trees in Australian rainforests, and while bats 
carried six times more pollen than birds they visited 
flowers much less frequently; but bats were far more 
mobile and often moved between forest fragments, so 
were likely to carry pollen of higher value to the trees 
(Law and Lean 1999). Mobility may be very important 
for larger vertebrate flower visitors, but for most in¬ 
sects this factor seems to matter very little in determin¬ 
ing pollination effectiveness (e.g., Pellmyr and Thomp¬ 
son 1996). 

As yet, records of any or all of these values are 
available for very few systems (cf. Sahli and Conner 
2006), and accruing such data is—or should be—a 
major imperative for current workers. There are good 
signs recently that this has begun to be appreciated, 
with more studies appearing. But it is critically impor¬ 
tant to record exactly what is meant by effectiveness or 
efficiency in each study; it is to be hoped that some 
consensus will emerge in line with the ideas of Inouye 
et al. (1994) and the discussion here, which largely 
accords with that work. Furthermore, the data will 
ideally need to be statistically assessed for significant 
differences between pollinator importance values 
(Larsson 2005); an important step in this direction was 
taken by Reynolds and Fenster (2008) working with 
Silene, with a simulation approach as the recommend¬ 
ed methodology for attaching SE values, allowing 


Table 11.5 

Definitions and Measures for Quantifying a Good Pollinator or Pollination Interaction 


Term used 

Reference 

Measured 

Pollination intensity 

Primack and Silander 1975 

Number of pollen grains deposited on a stigma in a single visit* 

Pollination effectiveness 

Motten et al. 1981 

Seed set by a single visit of a given pollinator 

Pollination efficiency 

Spears 1983 

Seed set resulting from a single visit relative to seed set with unlimited visits 

Pollination efficiency 

Richards 1986 

Proportion of pollen grains produced that reach stigma of same species 


Or 

conspecific grains reaching a stigma relative to number of ovules to be 
fertilized 


Or 

reciprocal of pollen/ovule ratio 

Pollination effectiveness 

Montalvo and Ackerman 1986 

Correlation between visitation rate and average seed set 

Pollination efficiency 

Dafni et al. 1987 

Proportion of stigmas touched by visitor 

Pollinator efficiency 

Dafni et al. 1987 

Proportion of fruit set in a given period of flower opening (e.g., morning, 
afternoon, night) 

Absolute pollination efficiency 

Galen and Stanton 1989 

Pollen grains (or dye) removed divided by pollen grains delivered to 
compatible stigmas 

Pollen transfer effectiveness 

Herrera 1990 

Product of flower visitation rate and pollen grains deposited on stigma in 
single visit + 

Pollination efficiency 

Willmott and Burquez 1996 

Number of pollen grains deposited on a stigma in a single visit* 

Pollination probability index 

Ne'eman et al. 1999 

Product of % of conspecific pollen on a visitor and % of visitors carrying that 
pollen at all 

Pollination effectiveness 

Potts et al. 2001 

Product of hours of stigma receptivity and calculated mean visits 
per 1000 flowers per hour 

Pollinator importance 

Bloch et al. 2006 

Product of per visit effectiveness and visit frequency for given visitor 1 


* Per visit effectiveness as used in text. 

tOverall effectiveness, as (per visit effectiveness x visit frequency), as used in text. 
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Table 11.6 

Pollination Effectiveness of Single Visits to Spring Wildflowers 


Plant 

Visitor 

Percent effectiveness 

Seeds per fruit 

Percent styles with pollen tubes 

Erythronium 

Apis 

93 

10.3 


Andrena 

88 

6.4 

Thalictrum 

Halictid bees 

100 

— 


Bombylius 

44 

- 

Percent fruit set 

Claytonia 

Andrena 

69 

4.0 


Bombylius 

64 

3.4 


Conia 

83 

3.4 

Stellaria 

Nomada 

100 

2.8 


Bombylius 

55 

2.6 


Source: From Motten 1986. 


comparisons between pollinators, sites, and seasons. 
Recalling Herrera’s (1990) work with Lavandula, and 
the variation of effectiveness for different visitors and 
for the plants overall through a day (see chapter 10, 
and fig. 10.9), it is also important to record the key 
data in a time-sliced fashion and avoid too much pre¬ 
mature “lumping” of the observations made. Finally, 
with recent molecular genetic developments it will 
also be possible to factor in the proportions of self- and 
cross-pollen transported and/or deposited by each visi¬ 
tor (see Matsuki et al. 2008). 

Measures of Pollinator Effectiveness Show 
Crucial Differences between Visitors 

Early Studies 

Some of the early attempts to address this issue are 
instructive, and highlight key points about pollinator/ 
visitor comparisons and their relevance to specializa¬ 
tion. Strickler’s data (1979) showed the specialist bee 
Hopiitis to be much more effective than other visitors 
to Echium (see table 11.3) and therefore to fill its cells 
with pollen more quickly. Another example was given 
by Motten (1986), for spring wildflowers; he painstak¬ 
ingly measured single-visit effectiveness for many dif¬ 
ferent visitors to many species of plant, as styles with 
pollen tubes growing, or as fruit set. Table 11.6 shows 


that bees on various plants could get close to 100% 
effectiveness (although this varied between plant spe¬ 
cies), while bombyliid flies were usually markedly 
less effective on all flowers. 

Bee Examples 

An example with precise indications as to why differ¬ 
ent effectiveness values arise was given by Wilson and 
Thomson (1991) for the effects of single visits by dif¬ 
ferent animals to flowers of Impatiens pallida (balsam) 
(fig. 11.8). This is on all standard criteria a typical bee 
flower, but different bee species have different values; 
hence it has often been described more explicitly as a 
classic bumblebee flower. The authors showed that 
Bombus only collected nectar, crawling into the vesti¬ 
bule formed from the sepals to drink from a curved 
spur; each bee largely ignored the anthers, but as it fit¬ 
ted the flower rather snugly some pollen was deposited 
as a long dorsal stripe on the body, and multiple grains 
were then moved on to a subsequent stigma. In con¬ 
trast, Apis specifically collected pollen, so left little on 
the anthers, but it moved very little pollen onto the 
next stigma (most being groomed off to the scopae in 
between visits). Dialictus (a smaller, solitary bee) also 
collected pollen, and so depleted the anthers, but as it 
was interested only in the pollen it never went to flow¬ 
ers in their female receptive phase, so deposited noth¬ 
ing on stigmas. Thus the three bee genera had very 
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Figure 11.8 The effectiveness of single visits by bees 
to Impatiens pallida, for Bombus, Apis, and Dialictus (a 
smaller halictid bee) and for control flowers without vis¬ 
its. Bombus is by far the most effective pollinator; see 
text for more details. (Redrawn from data in Wilson and 
Thomson 1991.) 
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Figure 11.9 Different bee visitors to Gelsemium 
sempervirens. Mean number of pollen grains 
carried is highest in Xylocopa and Osmia; pro¬ 
portion of pollen that is Gelsemium indicates 
good constancy in all but Apis ; but mean pol¬ 
len grains transferred to stigmas per visit indi¬ 
cate best performance by Bombus and Osmia. 
Bars show SEs. (Redrawn from Adler and Irwin 
2006.) 


Pollen grains carried 
Pollen on stigma 
Gelsenium 



Bombus Habropoda Osmia 


Apis Xylocopa 


different effectiveness values on this flower. However, 
subsequent work showed that honeybees do some¬ 
times forage for I. pallida nectar, and are then more 
effective in moving pollen and producing seed set 
(Young et al. 2007), so stressing the importance of re¬ 
cording precise foraging behavior when assessing 
effectiveness. 

Adler and Irwin (2006) worked with Gelsemium 
plants, visited by species of Xylocopa, Osmia, and Ha¬ 
bropoda, which carried the most pollen on their bodies 
(overall rather than per visit; fig. 11.9), and by Bombus 
and Apis, which carried less. All except Apis were rea¬ 
sonably flower constant, but Bombus scored highly on 
pollen deposition along with Osmia and Habropoda, 
and Xylocopa was the most frequent visitor. The au¬ 
thors took this broadly as evidence of nonspecializa¬ 
tion for the flower, but it also underscores the necessity 
of measuring the right thing(s) in any study of pollina¬ 
tion effectiveness. Bee size does not predict pollen 
carriage, and pollen carriage does not predict pollen 


deposition; visit frequency was crucial to the assess¬ 
ment here. 

Kwak (1993) showed that bumblebees deposited 
about twice as much pollen per unit time as did syr- 
phids when visiting Succisa pratensis, while Kwak and 
Bekker (2006) recorded Scabiosa flowers receiving 
145 pollen grains per inflorescence in three hours of 
visits by Eristalis flies, but just 0.7 grains from appar¬ 
ently equivalent visits by other small fly species. Stout 
(2007) reported only one-third of insect visits to Rho¬ 
dodendron flowers (mainly by bumblebees) resulting 
in pollen on stigmas; moreover, there were significant 
differences in effectiveness in relation to individual 
bee size, even within species. Galloni et al. (2008) 
looked at seven Mediterranean legumes and found 
very different visitor profiles and pollinator impor¬ 
tance (PI) scores for each, with the former a poor pre¬ 
dictor of the latter. Maximum PI values varied for each 
plant (>0.7 for Bombus on Cytisus scoparius, >0.8 for 
Apis on Hedysarum coronarium, but <0.2 for Xylocopa 


































284 • 


Chapter 11 



Successive dates (May-June 1996) 


B 



vicina sericata tenax corollae balteatus 


Figure 11.10 (A) Visit frequencies to the umbels of carrot by dif¬ 
ferent taxa of flies. Syrphids including Eristalis tenax are not the 
commonest visitors, but (B) prove to be much the most effec¬ 
tive when scored as seed set per umbel per visitor on caged 
flowers. (Redrawn from Perez-Banon et al. 2007.) 


on Spartium junceum ); furthermore, visitor diversity 
was negatively correlated with fruit set, while maxi¬ 
mum PI value was positively correlated (hence those 
species with one highly important pollinator achieved 
the highest fruit production scores). 

Even in architecturally specialized flowers such as 
orchids, different bees may have different effective¬ 
ness. In Cypripedium parviflorum , ten species of bees 
visited and were successfully temporarily trapped in 
the pouch of the flower, but only two species of An- 
drena successfully removed the pollinaria (Case and 
Bradford 2009). 

Fly Examples 

Visitation to the umbelliferous carrot (Daucus carota, 
Apiaceae), traditionally regarded as a fly flower with 
somewhat generalist characteristics (chapters 12 and 


13), was assessed by Perez-Banon et al. (2007). Flies 
were indeed the major visitors, and calliphorid flies 
(especially the greenbottle Lucilia) made up about 
67% of all visits, with syrphids at 16%, stratiomyids at 
7%, and other flies around 10% (fig. 11.10). But the 
large syrphid Eristalis tenax was by far the single 
most effective pollinator in terms of deposition of pol¬ 
len on stigmas, even though other visitors were also 
carrying good pollen loads and showing good floral 
constancy. 

Lepidopteran Examples 

Bloch et al. (2006) found different effectiveness and 
visit frequency values for five butterfly species visiting 
Dianthus flowers, which could not readily be predicted 
a priori. Likewise, Rocca and Sazima (2006) showed 
that Citharexylum flowers received many visitors, in- 
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Table 11.7 

Visitors to Lavandula latifolia and Components of Their Effectiveness 



Percent flowers 
receiving pollen 

Percent female 
stage flowers visited 

Pollen grains on 
stigma, per visit 

Mean interflower 
flight distance 
(cm) 

Bees 

Halictus sp. 

54 

73 

38 

37 

Anthidium sp. 

70 

54 

17 

61 

Megachile sp. 

45 

55 

21 

25 

Anthophora sp. 

39 

46 

27 

17 

Ceratina sp. 

18 

63 

8 

49 

Xylocopa violacea 

50 

53 

18 

65 

Apis mellifera 

45 

49 

27 

21 

Bombus lucorum 

67 

50 

26 

23 

Flies 

Bombyliid 

0 

15 

0 

18 

Tachinid 

8 

31 

NA 

NA 

Calliphorid 

16 

67 

4 

NA 

Hoverflies: 

Eristalis tenax 

24 

62 

16 

32 

Volucella sp 

19 

58 

11 

72 

Sphaerophoria sp 

11 

49 

12 

NA 

Lepidopterans 

Macroglossum 

stellatarum 

33 

41 

7 

28 

Pierid 

0 

18 

0 

74 

Satyrid 

12 

46 

7 

110 

Nymphalid 

24 

41 

2 

168 

Hesperid 

11 

39 

14 

88 

Lycaenid 

6 

35 

NA 

NA 


Source: From Herrera 1987. 


eluding hummingbirds, bees, and moths; the plant 
would have been a generalist by any standards if judged 
on visitation, but was in fact pollinated only by five 
species of sphingid hawkmoth. Another case of hawk- 
moths, foraging on Caesalpinia gilliesii, is described 
in detail in chapter 14 but is also useful here; several 
moths of highly variable tongue lengths occurred as 
visitors, but only the species with tongues around 55 
mm long were good pollen carriers (More' et al. 2006). 
Coming close to the ideal of carefully dissected polli¬ 
nation effectiveness studies are the various works by 
C. M. Herrera (1987, 1988, 1990) on Lavandula, 


which documented pollen loads per single visit for 
more than 8 species of lepidopteran plus around 15 bee 
species, and 5 fly species. Some examples from these 
works are given in table 11.7, showing in particular the 
greater pollen deposition by bees and hoverflies, and 
the greater interflight movement of some butterflies. 

Vertebrate and Multiple Taxa Examples 
Hargreaves et al. (2004) studied the apparently orni- 
thophilous Protea roupelliae and found that its visitors 
included sunbirds and many different insect types; but 
cages that excluded only the birds resulted in a massive 
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reduction in seed set, confirming that only the birds 
were effective pollinators. Fumero-Caban and Me- 
lendez-Ackerman (2007) measured the effectiveness 
of long- and short-billed hummingbirds, the perching 
bananaquit, and introduced honeybees foraging at Pit- 
cairnia angustifolia (a bromeliad). They predicted the 
first of these to be the coadapted pollinators from the 
floral traits, and the long-billed hummingbirds did in¬ 
deed deposit pollen most efficiently. However, these 
were rather rare as visitors, so that the honeybee and 
the nectar-robbing bananaquit also had some role to 
play. In a study providing a comparison of lepidopter- 
ans and birds, Boyd (2004) combined visit rates and 
pollen deposition measures for Macromeria and found 
that hummingbirds were most effective, since hawk- 
moth visits were less frequent and they tended to de¬ 
posit less pollen per visit. 

Another example comes from work on Penstemon 
species (Wilson et al. 2004, 2006). This is discussed as 
a multispecies study in more detail in chapter 20, but 
here just two species may be contrasted. P. barbatus 
has red flowers and is classically adapted for hum¬ 
mingbird visitation; birds removed on average 9684 
pollen grains per visit, and deposited 12 grains per 
stigma. When the same birds visited the purple/blue 
bee-adapted P. strictus they were much poorer quality 
visitors, removing on average 3148 grains and deposit¬ 
ing just 2 per stigma. Bumblebees operated very dif¬ 
ferently, taking 4508 grains from P. strictus and depos¬ 
iting an average of 5 grains on each stigma (although 
this does mean that they produced lower pollen carry¬ 
over than hummingbirds), but failing to contact an¬ 
thers at all in P. barbatus. Other bees such as Osmia 
and Anthophora species performed even better on P. 
strictus , where they specifically gathered pollen from 
the anthers. 

Two outstanding cases with multiple visitor types 
provide a suitable climax here. The first is the pollina¬ 
tion of Ceiba flowers (Gribel et al. 1999). This mass¬ 
flowering plant attracts bats, marsupials, monkeys, 
and hawkmoths after opening its flowers at night, and 
then bees, wasps, and hummingbirds early the follow¬ 
ing day. But only the phyllostomid bats were effective 
pollinators, and in particular all the morning visitors 
were useless because any pollen tubes initiated by 
their activities did not traverse the style to the ovary 
before stylar abscission occurred. Aphelandra acan¬ 
thus is somewhat similar, attracting mainly bats and 
some moths by night and then hummingbirds by day 


(Muchhala et al. 2009), but in this case, although bats 
carried by far the most pollen and were responsible for 
at least 70% of the effective pollination, they also de¬ 
posited a high proportion of foreign pollen, perhaps 
reducing their "quality” as pollinators and potentially 
explaining why the flower shows somewhat generalist 
characters (narrow corolla base, long period of anthe- 
sis, prolonged stigma receptivity) in addition to its 
more obvious bat-related traits. 

Generalist Examples 

Most of the above examples involve plants that are 
fairly specialist in the traditional senses of morpholo¬ 
gy, attractants, and rewards. It is only fair to add an 
example of pollination effectiveness measured in a 
plant that was found to be, and was from a syndrome 
perspective expected to be, a real generalist. Kandori 
(2002) worked with Geranium thunbergii , with dish¬ 
shaped flowers, and found 45 insect species as visitors, 
of which 11 species (including Hymenoptera, Diptera, 
and Lepidoptera) were efficient pollinators. Bees, es¬ 
pecially larger bees, were the best pollinators overall, 
but the most important species was not consistent 
through time or across years. The author explicitly 
noted that casual observations of visitation would be 
quite insufficient to identify important pollinators. 

Other Variables to Consider 

It should be evident from the examples given so far 
that pollinators providing the most effective service are 
often not the most abundant (Montalvo and Ackerman 
1986; Schemske and Horvitz 1989; Pettersson 1991). 
For example, on Asclepias syriaca nocturnal moths 
were more effective in terms of seed set per visit, but 
diurnal visitors (especially bumblebees) were more 
abundant and therefore overall did account for more of 
the effective pollination visits (Bertin and Willson 
1980; Jennersten and Morse 1991). Likewise, Larsson 
(2005) recorded visit efficiency for foragers at Knautia 
flowers, and showed that a specialist bee ( Andrena 
hattorfiana) both picked up and deposited more pollen 
than other, more generalist, visitors, although its com¬ 
parative rarity meant it accounted for only about 6% of 
the total pollination. In practice, the effectiveness of 
very common visitors is often undermined simply by 
their size; thus for Eucalyptus regnans trees small dip- 
terans were extremely abundant flower visitors but 
only larger dipterans were able to carry substantial 
pollen between flowers (Griffin et al. 2009). 
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The behavior and “choosiness” of visitors also mat¬ 
ter. Brunet and Sweet (2006) measured the outcrossing 
rate of Aquilegia coerulea plants in relation to differ¬ 
ent visitors’ activities, and found significantly in¬ 
creased rates with hawkmoth visitation compared with 
all other flower visitors (bumblebees, solitary bees, 
syrphids, muscids), partly because hawkmoths were 
particularly good at selecting female-phase flowers for 
their first visit to a plant. 

This last example offers a reminder that quality 
is not just the amount of pollen moved appropriately 
per visit, but also the selection slope for a particular 
visitor—how it affects selection on a given trait (Wil¬ 
son and Thomson 1996), also seen as the interaction 
term between visitor species and floral character. Spe¬ 
cialization can occur when better-quality visitors have 
a strong effect on selection while inferior visitors have 
little impact; and different pollinators can impose dif¬ 
ferential selection on the same plant species in differ¬ 
ent places, depending on the mixture of those pollina¬ 
tors present. 

Fully convincing and complete measurements of pol¬ 
linator effectiveness or importance have rarely been 
achieved as yet. Some of the cases cited may support 
retention of the “most effective pollinator principle” 
advocated as a useful approach by Stebbins (1970), 
but for other plant species this seems unlikely (e.g., 
Mayfield et al. 2001; Wolff et al. 2003). Quite where 
the overall balance lies is still to be decided. 

5. Overview 

A simple view of pollination biology would be that 

1. plants tend to evolve toward specialization in at¬ 
tracting specific visitors, and 


2. visitors develop constancy or fidelity to that plant. 

Hence flower visitors could contribute to speciation of 
plants 

1. through specialization, as agents of selection fos¬ 
tering further divergence of floral characters and 

2. through their constancy, as agents of restricted 
gene flow. 

The end product, in this simplified scenario, would be 
visitor-mediated (or more strictly pollinator-mediated) 
reproductive isolation for the plant, and potentially 
cospeciation of plants and pollinators. 

There is some evidence for this (e.g., Powell 1992, 
for the particularly specialist interaction of yuccas and 
yucca moths), but as an evolutionary pathway it is far 
from universal. Many would assert that research in the 
last three or four decades has largely shown that pol¬ 
lination does not tend to become more specialized 
through time, and that most flower visitors are not rep¬ 
resentative of any particular syndrome. In fact, Waser 
et al. (1996) crucially maintain that floral generaliza¬ 
tion is to be predicted as the best strategy for a flower 
visitor whenever the abundances of preferred species 
are low, or where those abundances are fluctuating in 
time and space; and they suggest that such conditions 
are probably the norm. Specialization and constancy 
are therefore not to be expected except in very stable 
ecological contexts and should not be seen as an indi¬ 
cator of an advanced pollinator (Waser 2001). Indeed, 
the causal link between specialized pollination, in¬ 
creasing reproductive isolation and speciation rates, 
and hence increasing plant diversity has been chal¬ 
lenged (Armbruster and Muchhala 2009). Such themes 
will be taken up again in detail in chapter 20, after we 
have reviewed the main groups of flower visitors and 
the features that are held to characterize more or less 
specialized pollination syndromes. 


Chapter 12 

GENERALIST FLOWERS AND GENERALIST VISITORS 


Outline 

1. Coleoptera: The Beetles 

2. Hymenoptera: The Wasps 

3. Hymenoptera, Formicoidea: The Ants 

4. Thysanoptera: The Thrips 

5. Other Insects: Cockroaches, Grasshoppers, 
Bugs, etc. 

6. Overview 


Many insects that have other core diets (especially en- 
tomophagous species, and a range of herbivores) will 
top up on some floral nectar at times for an easy energy 
boost, and thus become potential occasional generalist 
pollinators. However, alongside these there are some 
rather more regular flower visitors, spending some part 
of most of their adult lives feeding in flowers, and they 
can be seen as a generalist flower visitor cohort, con¬ 
stituting a predictable part of the visitor spectrum of 
some kinds of flowers. These regular visitors include a 
range of beetles, and some social and solitary wasps, 
together with a few more unusual taxa. Inevitably they 
generate extremely varied visitation patterns. Never¬ 
theless, some shared characteristics—both of the ani¬ 
mals themselves and of the flowers that they frequent— 
can be identified. 


1. Coleoptera: The Beetles 

Coleoptera is by far the largest order of insects as cur¬ 
rently described, and the beetles began to diversify 
early in insect history, becoming abundant quite early 


in the Mesozoic. These primitive beetles probably 
formed a main early group of pollinators, given their 
widespread associations with more basal plant groups 
(magnoliids, palms, aroids, and also some gymno- 
sperms); although the common view that beetle flow¬ 
ers are primitive, and that the very first flowers were 
visited and pollinated by beetles, is disputed by several 
authors (see Gottsberger 1974; Meeuse 1978; Bern¬ 
hardt and Thien 1987; Bernhardt 2000). Thien et al. 
(2009) in particular argue that flies were the more like¬ 
ly earliest visitors, and that beetle-related flower traits 
(especially odors) were a later acquisition. 

While about 30 families of beetles contain at least 
a few examples of flower visitors, the main antho- 
philous groups today—those that are of real impor¬ 
tance and abundance as flower pollinators—are soldier 
beetles (Cantharidae) and longhorn beetles (Ceramby- 
cidae). Both these families rely almost exclusively on 
floral rewards at some point in their life cycle. A few 
kinds of scarab (Scarabeidae) are also strongly flower 
associated, notably the monkey beetles of southern 
Africa (Mayer et al. 2006). Families such as the scar¬ 
abs and cantharids did not diversify until the massive 
radiation of angiosperms took off in the Tertiary. Some 
of the flower types associated with these and other par¬ 
ticular beetle families are shown in table 12.1. 

Overall, beetles are quite an important cohort of 
pollinators, often overlooked in the literature, perhaps 
because they are more obvious in the southern hemi¬ 
sphere and in arid or tropical climates (Momose, Yu- 
moto et al. 1998) than in temperate Europe and North 
America. Bernhardt (2000) suggested that at least 184 
angiosperm species are pollinated almost exclusively 
by beetles, and roughly another 100 species have bee¬ 
tles as an important part of their pollinator spectrum. 
Collectively, the flower types that the beetles mainly 



Table 12.1 

Beetles as Flower Visitors 
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Family 

Common names 

Flower families and effects 

Chrysomelidae 

Leaf beetles 

Eating pollen on Ranunculaceae, Asteraceae, some Nymphaceae, 
Dipterocarpaceae 

Cantharidae 

Soldier beetles 

Eating pollen and nectar on Apiaceae, Asteraceae; occasionally associated 
with special nutritive tissues. (Especially Rhagonycha spp. in Europe) 

Nitidulidae 

Pollen beetles 

Eating pollen on Ranunculaceae, Brassicaceae, Leguminosae. (Especially 
Meligethes and Pria spp.) 

Staphylinidae 

Rove beetles 

Eating flower parts, pollen and nectar on various families 

Scarabaeidae 

Scarabs, chafers 

Eating many types of flowers, usually destructively; common on Araceae 
and monocots 


Monkey beetles 

Eating pollen and flower parts; especially on Asteraceae and Aizoaceae 

Elateridae 

Click beetles 

Eating many types of flowers, usually destructively 

Cerambycidae 

Longhorn beetles 

Eating pollen and/or nectar, sometimes flower parts, sometimes 
special nutritive tissues; especially open flower types (Ranunculaceae, 
Rosaceae, etc.) 

Curculionidae 

Weevils 

Eating flowers or stigmatic secretions, often on Annonaceae, 
Dipterocarpaceae 


visit can be seen as exhibiting a beetle pollination syn¬ 
drome, termed cantharophily. 

Beetle Feeding Characteristics 

Beetles come in a wide range of sizes and highly di¬ 
verse appearance as adults, but they share the key fea¬ 
tures of a protective hardened elytra formed by the 
forewings, with strong flight mainly using the hind 
wings. They can therefore easily alight on flowers and 
are rarely deterred by other predators or parasitoids 
(less protected than themselves) who might already be 
there. They have essentially chewing mouthparts, us¬ 
ing the mandibles that characterize most of the more 
unspecialized insect feeders, and arranged parallel to 
the body axis, making complex manipulations quite 
difficult. They can therefore be rather destructive as 
feeders, many of the larger species consuming whole 
flowers, including the petals and the ovule tissues. 
They also tend to mate quite boisterously in the flow¬ 
ers and commonly defecate there too; they are there¬ 
fore sometimes termed “mess-and-soil pollinators.” 

Nevertheless, quite a number of beetle types, 
whether or not they are destructive, do disperse mod¬ 
erate amounts of pollen reasonably well, moving sev¬ 


eral meters and sometimes tens of meters between suc¬ 
cessive flowers. Some of the best beetle pollinators 
have decidedly hairy bodies that make them effective 
pollen carriers. Regular flower visitors tend to behave 
differently on different flowers, eating some species 
but nondestructively pollinating others (e.g., Hawkes- 
wood 1989). In a few cases they even combine preda¬ 
tion and effective pollination, as with a meloid beetle 
that eats the entire perianth of Calydorea flowers (Iri- 
daceae) but leaves the ovary undamaged and setting 
seed (O'Hara, cited in Bernhardt 2000). 

A small percentage of flower-visiting beetles have 
specializations to gather pollen, albeit with a view to 
eating it; some chafer beetles, and a few cerambycids, 
have dense pads of long hairs on the tips of their max¬ 
illae that act as pollen brushes, while beetles in the 
genus Malachius have unusual bristles with spoon-like 
tips, used specifically to scoop up pollen (mainly from 
primarily anemophilous plants). Nectar-gathering spe¬ 
cializations also occur, as an elongate rostrum in some 
Lycus species and most unusually in the form of an 
elongate proboscis in Nemognatha. Figure 12.1 shows 
some of these specializations. 

A few beetles show reasonable floral constancy as a 
consequence of their relative feeding specialization, 
sometimes linked to a habit of ovipositing in preferred 
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flowers. Cetonia beetles (Scarabeidae) showed good 
levels of constancy to Viburnum opulus flowers (En- 
glund 1993), flying on average 18 m between plants 
and thus acting as good long-range pollen dispersers. 
De los Mozas Pascual and Domingo (1991) docu¬ 
mented constancy in an alleculid beetle, while Pellmyr 
(1985) showed constancy in a byturid beetle; a similar 
specialization also occurs in Byturus tomentosus, 
which visits almost nothing but raspberry flowers, 
where it also oviposits (Willmer et al. 1996). Several 
beetles also show good constancy to palm flowers 
(e.g., Eriksson 1994; Listabarth 1996), and some other 
examples of reasonably constancy to particular beetle 
flowers in Mediterranean-type habitats are given in the 
section Specific Beetle-Flower Interactions below. 





Figure 12.1 Beetle flower-feeding specializations: (A) elongate head in 
nectar-feeding Lycus with rudimentary mandibles and long hair tufts 
on maxillae and labium (redrawn from Stamhuis 1992); (B) the bee¬ 
tle Nemognatha, with elongate proboscis; (C) "pollen broom" on the 
maxillae of a rose chafer beetle, Cetonia, seen from either side (B and 
C redrawn from Barth 1985 based on earlier sources). 


Beetle Sensory and Learning Abilities 

Weiss (2001) reviewed the sensory systems of flower- 
visiting beetles. Many studies have indicated odor re¬ 
ception as the main cue for this group, with color com¬ 
ing into play only at closer range (e.g., Eriksson 1994; 
Pellmyr and Patt 1986), although for some of the more 
specialized interactions mentioned in the section Spe¬ 
cific Beetle-Flower Interactions below, color seems to 
play a more essential role. Weiss (2001) gave several 
instances of trichromatic systems in beetles, with UV 
and green receptors particularly common and occa¬ 
sional examples of red sensitivity, the latter often 
linked to visitation at the more specialized beetle 
flowers. 

Weiss also reported an absence of studies on flower¬ 
learning behaviors in any beetles, and this largely re¬ 
mains the case. 


Beetle Flowers 

Cantharophilous flowers are particularly well repre¬ 
sented in the magnoliids (especially the Annonaceae; 
see the appendix), and in some phylogenetically basal 
monocot families such as Araceae. Bernhardt (2000) 
estimated that this kind of flower may have evolved 
convergently at least 14 times. He also noted that these 
flowers are understudied, since so many occur in the 
canopies of tropical forests and so few in accessible 
well-documented habitats (see table 12.2). 

The generalist flowers visited by a diverse range of 
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Table 12.2 

Occurrence of Cantharophily in Different Habitats 


Habitat type 

Location 

Percent taxa showing 
cantharophily 

References 

Mediterranean 

Israel phrygana shrubs 

0.0025 

Dafni et al. 1994 


South Africa fynbos shrubs 

15 

Collins and Rebelo 1987 


South Africa karroo shrubs 

34 

Picker and Midgeley 1996 

Tropical rainforest 

Malaysia dipterocarp forest 

20 

Momose et al. 1998 


Neotropics, lowland canopy 

0 

Bawa et al. 1985 


lowland subcanopy 

11 

Bawa et al. 1985 


cloud forest 

45 

Seres and Ramirez 1995 


beetles are typically white, cream, or green in color, 
and rather dull as opposed to shiny. Color change is 
rare, perhaps indicating that flower-visiting beetles are 
not very receptive to detailed color cues. Morphologi¬ 
cally, the flowers are radially symmetrical, and come 
in two main designs; the first group are usually quite 
large (able to house several beetles at once), either flat 
or bowl shaped (e.g., Magnolia, Annona ) and often 
borne on woody rather than herbaceous plants (plate 
2A), while the second group includes tiny flowers 
grouped as a terminal inflorescence and providing a 
platform to walk on (e.g., Viburnum, some Acacia, 
plus various euphorbids, palms, and aroids; plates 1 
and 21 include examples). The flowers commonly 
have rather strong fruity or fermenting or slightly spicy 
smells, although in some species this crosses over into 
quite unpleasant odors reminiscent of the early stages 
of decay or of sweaty mammalian bodies. Odor emis¬ 
sion may be combined with a degree of thermogenesis 
(see chapters 6 and 9), both in aroids and in some 
Magnolia species (Dieringer et al. 1999). While many 
of these flowers may seem to be generalist, and attract 
various flies, beetles, and even bees, some are appar¬ 
ently pollinated by just one genus of beetle (e.g., Ta- 
lauma ovata, pollinated by Augoderia beetles: Gibbs 
1977). More explicit evidence from genetic analysis of 
Magnolia obovata pollen indicated that only the 
cetoniine flower beetle visitors were effectively mov¬ 
ing cross-pollen between flowers, the grains on bees 
and on other smaller beetles being nearly all self-pollen 
and with relatively few total grains being moved (fig. 
12.2; Matsuki et al. 2008). 

Some beetle-pollinated flowers partially circumvent 


the problem of beetles’ destructive feeding habits by 
offering “food bodies” within the flower, appearing as 
white or cream spherical or tubular tissues on the tips 
of petals or sepals. Calycanthus flowers have such tis¬ 
sues on tepals, stamens, and staminodes (Rickson 
1979), which produce a protein-rich diet for a diverse 
range of visiting beetles. It might be expected that 
flowers pollinated by beetles would also have some 
protection, at least for their style and ovules, against 
the worst of the potential feeding damage. They do 
tend to have sunken inferior ovaries, or in the case of 
composite flowers show rather robust basal corolla 
walls such that the ovules cannot readily be reached. 
Their pollen is also quite abundant (another way of 
counteracting messy or destructive feeding habits), of¬ 
ten presented on exposed or exserted anthers, and the 
grains are often unusually oily in appearance and to 
the touch. When nectar is present, it is likely to be of 
relatively low volume and exposed, so it will become 
quite concentrated on warmer days. 

Bernhardt (2000) sought to distinguish four differ¬ 
ent types of flowers solely or mainly visited by beetles. 
His categories were bilabiate, brush, chamber, and 
painted bowl (table 12.3). The first two are rather un¬ 
common with respect to beetle visitors, mainly incor¬ 
porating orchids and palms, respectively. However, the 
other two are quite common, the first corresponding to 
more traditional beetle-flower categories. 

Chamber blossoms include all bowl-shaped forms 
offering a cave-like interior, either where multiple in¬ 
florescences are enclosed within stout bracts, or where 
a large cup-shaped perianth with multiple whorls of 
petals protects the reproductive parts (hence including 
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Figure 12.2 The amount of pollen grains (A 
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magnolias, many aroids, and Annonaceae). Few such 
flowers offer nectar, their edible rewards being either 
pollen or tissue or stigmatic secretions; many offer re¬ 
wards at night as well as in the daylight hours. Cham¬ 
ber flowers are particularly common in the wet tropics, 
where their form gives some physical protection. 

Painted-bowl blossoms include flowers with an 
erect, deep cup shape, unprotected from above, and 
with simple perianths usually consisting of just five or 
six petals. The corolla may enclose a mass of anthers 
(e.g., Ranunculus, some peonies), or just a few anthers 
located centrally (tulips, many Iridaceae). Flowers are 
brightly colored, often red, orange, pink, or yellow, 
and many have dark or black markings centrally, or 
dark pollen (Dafni et al. 1990; Steiner 1998a). They 
open mainly by day and are relatively odorless; nectar 
is absent or very sparse, and pollen the only reward. 
Painted-bowl flowers are reasonably frequent in warm 
temperate and Mediterranean zones (especially south¬ 
eastern Europe and southern Africa). This categoriza¬ 
tion does usefully draw attention to a type of beetle- 


visited flower not really included in older definitions 
of cantharophily. 

Specific Beetle-Flower Interactions 

There are a few distinctive flower-beetle associations 
worthy of particular mention, where a particular group 
of beetles is associated with more unusual flower 
types. 

1. Mediterranean habitats often show distinctive 
examples of the painted bowl bulbous flowers high¬ 
lighted above. For example, unusually hairy scara- 
baeid beetles ( Amphicoma , and other genera) in the 
Eastern Mediterranean are conspicuously associated 
with various red-colored bowl-shaped flowers with 
dark centers, including the tulips, poppies, and anemo¬ 
nes that flower somewhat sequentially and produce a 
distinctive phase of bright red early spring flowers. 
Amphicoma beetles prefer models that are at the 
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Table 12.3 

Beetle Flower Types 


Morphological type 

Occurrence in 
plant taxa 

Abundance 

Examples 

Visitors 

Highly generalist 

Large, flat or 

Widespread 

Common 

Many families 

Diverse beetle taxa 

bowl shape 

Tiny, massed as 
inflorescence 

Widespread 

Common 

Umbellifers, 

mimosoids 

Diverse beetle taxa 

Moderately specialist 

Bilabiate or gullet 

Orchids 

Rare, mainly 
Mediterranean 


Scarabeids, elaterids 

Brush 

Palms 

Uncommon, 
mainly wet 
tropics 


Curculionids, 

nitidulids 

Chamber 

Some monocots 

Common, mainly 

Annona, Clusia, 

Mainly curculionids. 


magnoliids, 

dipterocarps 

tropics 

Shorea, Magnolia, 
Nuphar, Sterculia, 
Philodendron 

nitidulids, some 
chrysomelids 

Painted bowl 

Bulbous 

Common, 

Tulipa, Anemone, 

Mainly scarabeids. 


monocots. 

especially 

Papaver, Ixia, 

some 


rare in dicots 

Mediterranean 

Moraea, Homeria, 
Ranunculus 

chrysomelids 


Source: Modified from Bernhardt 2000. 


normal orientation and height of the flowers, and of 
similar shallow depth (Dafni and Potts 2004). These 
beetles are also known to have red photoreceptors 
(Briscoe and Chittka 2001). Clusters of the beetles can 
be observed feeding and often sleeping overnight in 
these flowers in large numbers. The same is true for 
false blister beetles such as Oedemera, which feed 
and rest on various Asteraceae, Papaveraceae, and 
Cistaceae. 

2. Somewhat similarly, in southern Africa beetles 
show quite specialized visitation to iridaceous plants 
(Steiner 1998a) and to certain orchids (Steiner 1998b), 
and up to a third of all sand-plain fynbos species are 
described as scarab pollinated (Picker and Midgley 
1996). Goldblatt et al. (1998) reported convergence of 
herbaceous perennials from several families into a typ¬ 
ical form suited to hopbine monkey beetles: bowl¬ 
shaped red, orange, or cream flowers, with colored 


“beetle marks” at petal or tepal bases, little scent, and 
rarely any nectar (i.e., rather similar to the Mediterra¬ 
nean flora described in point 1). They collected 26 spe¬ 
cies of beetles from 40 plant species, of which 40% 
were visited by just one beetle type. But specific rela¬ 
tionships were rare, only 28% of beetles carrying single 
pollen types and many beetles carrying up to five dif¬ 
ferent kinds, indicating relatively unspecific foraging. 
Van Kleunen et al. (2007) showed that monkey beetles 
were attracted explicitly to the visual signals including 
the dark beetle marks, and relied very little on scents, 
as described for other cantharophilous flowers. 

In comparable habitats in Australia, there are also 
rather high numbers of somewhat similar flowers pol¬ 
linated mainly by beetles (Irvine and Armstrong 1988, 
1990). 

3. The tiny black pollen beetles in the genus Me- 
ligethes are very obvious flower visitors in temperate 
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habitats, seeking food in the base of a wide range of 
flowers (see plate 2IF); they can often be found in 
large numbers on Brassica flowers, or on Ranunculus , 
and are a common presence within the corollas of ed¬ 
ible peas and beans (and more irritatingly of sweet pea 
cultivars) in gardens. S. M. Cook et al. (2004) showed 
that they probably located the flowers mainly by pol¬ 
len odor, and they survived better when rape pollen 
was included in their diet. They may stay for several 
hours within one flower, so probably move relatively 
little pollen and over no great distance. In the same 
family (Nitidulidae), the genus Pria sometimes have 
specific relations with flowers, and P. cinerascens is 
associated with sexually dimorphic Leucadendron 
shrubs (Proteaceae) where it mates, lays eggs, and 
consumes nectar and pollen in male flowers; the fe¬ 
male flowers are more cup shaped and enclosed and 
are used as shelter from frequent rain (Hemborg and 
Bond 2005). 

4. Donacia beetles (Chrysomelidae) may have a 
special relationship with American Nuphar water lilies 
(e.g., Lippok et al. 2000), which are female on day 1 
and then male for a further 1-3 days (see plate 4H), 
and which trap their visitors overnight. However, in 
European species the lily flowers are more often pol¬ 
linated by syrphid flies, honeybees, or sweat bees (Lip¬ 
pok and Renner 1997). In other water lilies ( Nymphaea 
and Victoria, including some nocturnally flowering 
species), Cyclocephala scarab beetle pollination has 
been reported (Prance and Arias 1975; Prance 1980). 
However, Hirthe and Porembski (2003) recorded more 
efficient pollination by early-morning bees than by 
nocturnal dynastid beetles for Nymphaea lotus in West 
Africa. 

5. The staphylinid beetle Eusplialerum scribae vis¬ 
its the flowers of the carnivorous plant Pinguicula, al¬ 
though interestingly it does so only in fairly shaded 
sites, the main visitors to sunlit flowers being thrips 
(Zamora 1999). 

6. A variety of dung- and carrion-associated beetles 
are exploited by carrion flowers (mainly members of 
the Araceae, and loosely included in the chamber blos¬ 
som group), in a similar manner to their exploitation of 
dungflies and carrion flies. Examples include Amor- 
phophallus (Beath 1996), Philodendron (Gibernau et 
al. 1999), and Lysichiton (Pellmyr and Patt 1986). This 


is technically termed coprocantharophily. Young 
(1986, 1988) studied carrion beetle pollination of Di- 
effenbachia and pointed out that pollen translocations 
of 20-80 m were not uncommon. Some weevils are 
also associated with trapping flowers in the Annon- 
aceae, for example Xylopia flowers, which attract En- 
daeus weevils with fruity scents and trap them (using 
petal closure) in a chamber whose temperature may 
then be strongly elevated (Ratnayake et al. 2007). 
Flowers that trap insects for pollination purposes are 
covered more fully in chapter 23. But one more un¬ 
usual case of dung-beetle pollination worth a mention 
occurs in Orchidantha , a member of the ginger family, 
where the flowers grow at ground level and smell 
strongly of dung; here there is no reward for the bee¬ 
tles and no trapping is involved (Sakai and Inoue 
1999). 

Effectiveness as Pollinators 

There are few direct measurements of pollination ef¬ 
fectiveness for particular beetles, and specific determi¬ 
nations of pollen transfer are lacking for the cantharo- 
philous syndrome as a whole (see Gottsberger 1988, 
1989a,b; Goldblatt et al. 1998). One of the few clear 
examples concerns Cetonia beetles, which are more 
effective pollinators of the strongly scented Viburnum 
opulus than any of that plant’s other visitors, moving 
pollen up to 18 m between plants and flying consis¬ 
tently between plants (Englund 1993). Some other 
beetles can also travel moderate distances between 
plants (perhaps up to 20 m in temperate beetles, with 
records over 80 m in tropical species), so they proba¬ 
bly achieve a reasonably good pollen transfer range. 
Kwak and Bekker (2006) reported cantharid beetles 
making up 14% of all visits to Anthriscus , carrying an 
average of 5600 of its pollen grains, and moving an 
average of 80 cm between its flower heads. 

However, as a general rule, beetles are less mobile 
than flies or bees, and being highly protected by the 
elytra are inclined to sit passively in flowers for long 
periods, ignoring provocations that would disturb and 
disperse other insects. Thus many of the larger beetles 
probably move only small amounts of pollen between 
rather few flowers. Since some do show reasonable 
fidelity, they at least will take the pollen to an appro¬ 
priate place when they do finally move on from a 
flower. 
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Overview 

Many flower-visiting beetles are indisputably destruc¬ 
tive and may damage or completely devour quite large 
flowers over the course of minutes or hours (plates 1 A, 
21 A, and 21H). Even those identified as reasonable 
pollen carriers and pollen movers are rarely sufficient¬ 
ly specific in their visits to the generalist flower types 
described above. Likewise, none of the features given 
as being part of a cantharophilous syndrome are unique 
to that syndrome. It is no surprise, then, that flowers 
visited by beetles are almost invariably also visited by 
at least one other order of animals, and often by sev¬ 
eral different orders, becoming part of a generalist 
flower syndrome rather than just existing as a canth¬ 
arophilous syndrome. 

2. Hymenoptera: The Wasps 

“Wasps” is a rather broad term for an assemblage of 
hymenopterans, ranging from tiny gall wasps and par¬ 
asitic wasps to the more familiar stinging yellow jack¬ 
ets and hornets. Technically, both ants and bees are 
also forms of true wasps, being derived from the main 
ancestral wasp lineage. However, it is obviously more 
sensible in this book to deal with ants and bees sepa¬ 
rately, as each has very different interactions with 
flowers. What remain as wasps can be divided into 
those without a waist (confusingly not termed wasps at 
all, but sawflies, in the suborder Symphyta), and those 
with the classical wasp waist (suborder Apocrita). The 
latter can be divided again into those without stings, 
where the ovipositor is used to lay eggs in hosts and 
larvae develop parasitically (termed the Parasitica), 
and those with the ovipositor modified as a sting (the 
Aculeata, including the familiar larger wasps, plus the 
ants and bees). 

Types with Nonstinging Ovipositors 
Symphyta 

Some sawflies use flower nectar as fuel, and they may 
also consume sap, pollen, and honeydew. Female saw- 
flies in particular tend to visit flowers, and will often 
eat the stamens and petals as well as the intended flo¬ 
ral rewards; thus, although they can be common in 
some warmer months and may well move significant 


amounts of pollen, their potential benefits as pollina¬ 
tors may be markedly offset by the floral damage they 
cause. However, the family Xyelidae has mouthparts 
more specifically adapted to eating pollen, while some 
other families have longer probosces that can extract 
semiconcealed nectar, and all of these are less damag¬ 
ing to flowers (Jervis and Vilhemsen 2000). 

Most other sawflies have short mouthparts, only 
2-4 mm long, and are therefore most commonly seen 
on open exposed flowers. Unlike most wasps they are 
not red-blind, but apparently cannot see ultraviolet 
wavelengths, which may have some effect on their 
flower preferences. They are sometimes seen on vari¬ 
ous Rosaceae, some Asteraceae, and especially Api- 
aceae, being locally abundant on forms such as hog- 
weeds ( Heracleum ) and parsnip ( Pastinaca ). Certain 
sawflies are also very common visitors to buttercups 
(.Ranunculus ) in spring. Hence their general flower 
preferences are essentially similar to the types favored 
by short-tongued flies (chapter 13). However, in a few 
sawfly species the flower preference can be quite re¬ 
stricted and thus appear as specialized, often focused 
on the flowers of the plants whose foliage is used as 
larval food. This is especially notable in willow saw- 
flies such as Euura where the adults feed mainly on 
Salix catkins, and often just on one species of Salix. 
Another case of specialization occurs in an Australian 
duck orchid, Caleana major, pollinated by a sawfly 
(Lophyrotoma ) that is fooled into pseudocopulation 
with the flowers (see chapter 23). 

Parasitica 

Some ichneumon and braconid wasps (all parasitoids 
of other insects) are common flower visitors, taking 
nectar (both floral and extrafloral), sap, or honeydew. 
Most have extremely short mouthparts (effectively 
less than 1 mm) so they mainly visit open flowers with 
exposed rewards, being common on similar plants to 
those mentioned above for sawflies, but perhaps even 
more restricted to the Apiaceae and short-corolla 
Asteraceae. Tooker and Hanks (2000) reported that 
many of these parasitic wasps were nevertheless quite 
restricted in their visits, to just a few plant species. 

There are again a few more specific interactions. 
The twayblade orchids ( Listera ) are often described as 
“ichneumon pollinated,” commonly visited by ichneu¬ 
mon wasps such as Pimpla and Ichneumon, although 
the flowers also attract small beetles, flies, and some 
sawflies. These orchids are a startling case of rather 
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specific and complex pollination mechanisms in a rel¬ 
atively generalist flower; a visiting ichneumon or some 
other similarly sized insect crawls up the narrow label- 
lum (the lowest petal) feeding on nectar that lies in a 
central groove, until it reaches the central column of 
the flower, whereupon the tip of the column (the ros- 
tellum) rapidly exudes a drop of sticky liquid and ce¬ 
ments the two pollinia onto the insect’s head. Curi¬ 
ously, any small bees that visit the twayblade do not 
elicit the same rapid response from the orchid and are 
rather ineffective as pollinators. 

Matching this complexity, at least one Australian 
orchid, Cryptostylis, appears to have a pseudocopula- 
tory deceit pollination relationship with an ichneu¬ 
mon ( Lissopimpla ), again described more fully in 
chapter 23. 

Chalcids, Cynipids, and Other Gall Wasps 
These are all very tiny insects and endowed with very 
short mouthparts, so they are not usually common as 
flower visitors. Some species do use exposed flowers 
occasionally as a food source, but there is no good evi¬ 
dence of their effectiveness as pollinators. However, 
the fig wasps, from the related family Agaonidae, are a 
famous case of highly specialized flower visiting, de¬ 
scribed in chapter 26. 

Types with Stings: True Wasps 
Chrysids and Scolioids 

The chrysids (rubytail wasps) are brightly metallic in¬ 
sects, parasitic on true wasps and bees. They are most¬ 
ly short tongued and once again fairly common on 
Apiacae. But a few European genera (e.g., Panorpes) 
have longer mouthparts (6-7 mm) and visit a wider 
range of flower types, including bowl-shaped flowers 
such as Tilia and Rubus, and sometimes Ranunculus. 
They are unlikely to effect much pollen transfer how¬ 
ever, as they have very shiny surfaces. 

Scolioids (velvet ants and their kin) are also para¬ 
sitic on other hymenopteran larvae, and the females 
are often wingless, making them largely ineffective as 
pollinators. Most of the winged forms visit open shal¬ 
low flowers occasionally, but some larger hairier forms 
have special pseudocopulatory relationships with or¬ 
chids (for example, Campsoscolia pollinates Ophrys 
speculum, and several other examples are known from 
Australia; Stoutamire 1974, 1983). The hairy flower 


wasp of central Europe ( Scolia hirta ) is more unusual 
in being a regular visitor to a wide range of white, 
pink, purple, and blue flowers, taking nectar from short 
corollas (Landeck 2002). 

Sphecids, Pompilids, Tiphids, and Eumenids 

Members of all these groups of solitary wasps (espe¬ 
cially the females) are not uncommonly seen gather¬ 
ing some nectar as fuel, between their more protracted 
prey-gathering foraging trips (they capture other in¬ 
sects or spiders, store them in their nests, and lay their 
eggs upon the paralyzed prey). While some of these 
wasps feed only upon the juices of their prey, others 
regularly take liquid food from flowers, in the form of 
honeydew, sap, or nectar. Indeed, some appear to need 
significant sugary inputs from flowers at the start of 
their adult lives, while nest building, and can therefore 
be transiently common on flowers in spring. They will 
often visit flowers with fully exposed nectar, especial¬ 
ly the generalist umbellifer flowers such as Heracleum 
already mentioned in this chapter. But they are also 
found on plants that have partly concealed nectar, with 
more bowl-shaped flowers (e.g., Ranunculus, Gerani¬ 
um, Rubus, or the snowberry Symphoricarpos). Some 
also visit short tubular flowers, either single tubes (as 
in some of the classic herbs such as Thymus and Men¬ 
tha, or Calluna heathers, on which eumenids—mason 
wasps—can be abundant), or composite inflorescences 
with multiple corolla tubes such as ragwort ( Senecio), 
goldenrod ( Solidago ), or Cirsium thistles. A few tiphid 
wasps even gather nectar as a nuptial gift passed from 
male to female. 

The choice of flowers by solitary wasps may some¬ 
times be linked to water balance issues, so that on hot 
summer days they are more likely to choose flowers 
with somewhat protected nectar that stays more dilute 
and thus gives them useful water as well as sugar; this 
was the case with Cerceris arenaria, feeding preferen¬ 
tially on nectar from white melilot (Melilotus alba) in 
hot conditions (Willmer 1985). The same constraint 
may also apply in arid and desert habitats, where dig¬ 
ger wasps and spider-hunting wasps can be quite abun¬ 
dant: the very large tarantula hawk wasp is a common 
visitor to asclepiads in southwestern US deserts (Pun- 
zo 2006). 

Again, there are a few examples of more special¬ 
ized interactions of flowers and solitary wasps. Some 
species in the genus Bembex, endowed with unusually 
long tongues for a sphecid, can pollinate smaller legu- 
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minous flowers, including the important forage-crop 
plant alfalfa ( Medicago sativa). Some sphecid wasps 
show quite high levels of flower constancy when visit¬ 
ing asclepiads (Theiss et al. 2007). The sphecid wasp 
Argogorytes can pollinate the fly orchid Ophrys insec- 
tifera by pseudocopulation, and pompilid wasps pol¬ 
linate some of the Disa orchids in southern Africa in 
similar fashion (Johnson 2005). 

One genus of pompilids ( Hemipepsis) includes spe¬ 
cific pollinators of diverse African plants. The orchid 
Satyrium microrrhynchum is one example, and pro¬ 
duces exposed nectar on erect “lollipop hairs” so that 
the wasp receives pollinaria on its head (Johnson et al. 
2007). Other species in the genus are pollinators of 
some milkweeds, apparently due to nectar scents that 
deter other visitors (see chapter 8; Shuttleworth and 
Johnson (2006)) and also in some milkweeds due to 
the dull color and flower odor that attract the pompilids 
(Shuttleworth and Johnson 2009a). Finally, yet other 
Hemipepsis wasps are specialist pollinators of some 
Eucomis species in similar habitats, these again having 
complex odors but rather cryptic coloration (Shuttle- 
worth and Johnson 2009b). 

The small family Tiphidae includes the thynnine 
wasps, which are particularly famous for their pseudo- 
copulatory interactions with the hammer orchids 
(Drakaea ) of western Australia (Peakall 1990; see 
chapter 23). 

There is also one sphecid ( Krombeinictus ) that has 
vegetarian larvae fed solely on flower produce (nectar 
and pollen), thus paralleling the bees (Krombein and 
Norden 1997). 

Vespids 

These are the true social wasps, with colonies made 
from chewed-up wood fibers, each colony containing a 
queen, many workers, and (intermittently) some male 
drones. In temperate habitats the nests are normally 
seasonal, with only the new generation of queens sur¬ 
viving through the winter to found a new colony in 
spring; hence numbers tend to peak in late spring 
through to early autumn. In tropical habitats nests can 
survive all year round. 

Adult vespid wasps feed their larvae on captured 
insects, but also often take some liquid food for them¬ 
selves and for distribution in the nest, and nectar is 
usually the preferred option (although their fondness 
for jams and other sweet treats at picnic sites is legend¬ 
ary!). Sugar-seeking habits are especially pronounced 


in autumn, and some of the common wasps (Vespa, 
Vespula, Dolichovespula) cannot complete full devel¬ 
opment without an input of sugars to supplement the 
main animal diet. 

Vespids again like similar flowers to the generalist 
flies, and as with many of those they are commonly 
red-blind but UV sensitive, so they are frequently seen 
on white and yellowish Apiaceae, notably Heracleum 
and Angelica, and are often also abundant on Eupato- 
rium. Since these wasps (having nests as refugia) often 
persist longer into the cold weather of autumn than 
other insects the exposed flowers of ivy ( Hedera ) also 
attract their attention right through to October or No¬ 
vember in north temperate habitats, and they are more 
effective pollinators of ivy flowers than the calliphorid 
or syrphid flies that also visit (Ollerton et al. 2007). 

The common yellowjacket wasps have somewhat 
longer tongues than most of the solitary wasps covered 
in earlier sections. Thus they also frequent a range of 
more specialized flowers than the truly generalist flies. 
Some genera of inconspicuous rounded flowers have 
on occasions been termed “wasp flowers” (fig. 12.3). 
These tend to be small and globular (around 3-8 mm 
in diameter), either upright or pendant on the plant, 
and often dull pink, red, purple, or brown in color. 
They generally lack strong scents, and they have rela¬ 
tively little pollen. Classic examples are figworts 
(Scrophularia, plate 20D), snowberry (Symphoricar- 
pos ), and species of Berberis and C otoneaster each 
with small globe-shaped flowers, both of which (as 
gardeners will know) can be thronged by wasps in 
early autumn. Heathers can be attractive too, although 
their floral globes have too small an opening to admit 
the wasps’ heads and therefore they tend to suffer rob¬ 
bing, with nectar taken through holes in the petal bases 
(often made by short-tongued bees and then exploited 
secondarily by the wasps—see chapter 23). 

Species of the orchid Epipactis may also be specifi¬ 
cally adapted to wasp visitation, and other more pre¬ 
cise wasp-orchid relationships exist with the wasps 
exploited for deceit pollination; the most spectacular 
is perhaps the pollination of a Chinese Dendrobium by 
hornets ( Vespa bicolor) attracted by a scent that mim¬ 
ics honeybee alarm pheromone (see chapter 6). 

Masarids 

Masarids are a unique group of pollen-collecting 
wasps, closely related to the vespids (perhaps better 
included within them as the subfamily Masarinae), but 
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Figure 12.3 Wasp flowers with typical small spherical or 
bell-shaped corollas: (A) and (B) figworts, Scrophularia 
nodosa in female phase with anthers unextended, and 
5. auriculata in later male phase (modified from Faegri 
and van der Pijl 1979); (C) snowberry, Symphoricarpos ; 
(D) Cotoneaster. (Parts (C) and (D) drawn from 
photographs.) 


having developed the pollen-feeding habit similarly to 
but independently of the bees (Gess 1996). Thus the 
trait of vegetarianism in aculeate larvae has arisen 
three times, in a single sphecid genus, in masarids, and 
in the bees. 

The masarids occur in warm temperate areas and 
can be abundant on flowers, collecting pollen on their 
faces where they bear substantial hair. From here the 
pollen is transferred to the crop, mixed with nectar for 
onward transit to the nest. Flower preferences are 
generally similar to those of smaller shorter-tongued 
bees: small zygomorphic tubular flowers such as Teu- 
crium, Penstemon, and many of the common labiate 
herbs. However, a few species are more specialist, and 
should not really be included in a chapter on general¬ 
ist visitors; for example, Ceramius bureschi in Greece 
is a monolectic pollen-gathering visitor to Nigella ar- 
vensis flowers, where it also mates (Mauss et al. 
2007). 

3. Hymenoptera, Formicoidea: The Ants 

Ants have evolved from wasps and are closely related 
to both wasps and bees. They have highly complex so¬ 
cieties where workers can be recruited and organized 
by pheromonal signals. They are extremely abundant 
in nearly all habitats, their biomass probably at least 
equaling that of humans and far in excess of that of any 


other animal group. Thus they could potentially be 
very useful to plants from sheer force of numbers. But 
they are very unlike both of their taxonomic near 
neighbors in possessing some key characteristics that 
greatly reduce their potential as flower pollinators. 

1. Ants are small, and the great majority—the 
workers—are wingless. This makes them a poor phys¬ 
ical fit for most flowers and too immobile to be good 
pollen transfer agents. 

2. They have shiny and hairless surfaces, suited to 
life in cramped underground nest tunnels but offering 
poor opportunities for pollen adhesion. 

3. They have elongate mandibles, useful for various 
kinds of manipulation as well as aggression, but poor 
for sucking up nectar or handling pollen—they are 
mostly carnivorous. 

4. They have metapleural glands that produce anti¬ 
bacterial and antifungal agents, a necessary adaptation 
to life in humid litter and within nests; but these meta¬ 
pleural secretions are also severely damaging to pollen 
longevity and fertility (e.g., Beattie et al. 1984; Hull 
and Beattie 1998; Galen and Butchart 2003). 

Yet ants are evidently highly attracted to anything sug¬ 
ary and regularly seek out honeydews and other sugary 
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Figure 12.4 Examples of ant flowers. (Drawn from 
photographs.) 
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secretions on flowers; it is at first sight surprising that 
they do not more often take the nectar contents of 
flowers. While they can be quite common on the white 
or cream platform-like flower heads of umbellifers and 
euphorbs (plate 20), and sometimes on larger bowl 
flowers (where they tend to enter around the floral 
margins and fail to contact anthers or pick up any pol¬ 
len grains), they are very rarely effecting any cross¬ 
pollination in these situations. Overall, ants are poten¬ 
tially deleterious for flowers, effectively acting as 
nectar thieves. 

There is, however, a small group of plants that could 
be said to be adapted for ant pollination (Hickman 
1974; Wyatt 1981; Peakall et al. 1991). They are gen¬ 
erally prostrate and often twining among other plants, 
with inconspicuous small open flowers close to the 
stems with almost no stalk (fig. 12.4). Ants rove around 
among the stems, moving between several flowers on 
each foraging trip because the rewards from each flow¬ 
er are so low. The flowers are self-incompatible, so 
that any movement between flowers of different plants 
that are intertwined can potentially achieve crossing. 
Examples that fit this pattern include rupturewort 
( Herniaria ), Paronychia (Proctor et al. 1996), and 
honewort ( Trinia glauca', Carvalheiro et al. 2008) in 
Europe; while Diamorpha smallii (Wyatt 1981) and 


Polygonum cacadense (Hickmann 1974) are of similar 
form in North America. Figure 12.5 shows examples 
of the movement of ants, or of pollen transfers achieved 
by ants, in some of these plants. 

Occasional examples of ant pollination occur in 
rather different flower forms. One example here is 
Cytinus hypocistis, a parasitic plant whose flowers 
briefly emerge from the host tissues ( Cistus or Halim- 
ium plants). In Spain this plant received more than 
97% of its visits from various ants (deVega et al. 2009), 
which acted as true pollinators by reliably contacting 
the anthers and stigmas and carrying quite large pollen 
loads (although with different effectiveness in differ¬ 
ent ants, particular species of Pheidole, Plagiolepis, 
and Crematogaster being most effective). For their 
size, the flowers of this Cytinus have large reproduc¬ 
tive organs, plentiful pollen, and a long life, which to¬ 
gether with the low growth habit and a sweet scent 
(close relatives all having musty mammal-pollinated 
or sapromyophilous odors) may enhance the attraction 
for and effectiveness of ant visitors. 

Most recorded examples of ant pollination in the 
earlier literature were from warm dry habitats, where 
ants are especially abundant, so that ant pollination 
was often described as most frequent in deserts and 
arid zones. However, there are recent studies from 
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Figure 12.5 Ant foraging patterns on various 
flowers: (A) distances moved in 5 minutes by 
Formica ants on Diamorpha, mostly less than 
50 cm but occasionally longer (two additional 
instances up to 5-10 m were recorded), and 
usually involving (B) 20-40 of the tiny plants 
(Parts (A) and (B) redrawn from Wyatt and 
Stoneburner 1981); (C) total interplant move¬ 
ments, and pollen transfer, for Iridomyrmex 
ants visiting Microtis orchids, usually involving 
distances of less than 10 cm (with two instanc¬ 
es at 46 and 76 cm not shown) (modified from 
Peakall and Beattie 1989). 


montane habitats. Puterbaugh (1998) explored ants as 
flower visitors in three alpine plant species, showing 
effective pollination in gynodioecious Paronychia 
pulvinata, especially on hermaphrodite plants. Gomez 
et al. (1996) studied pollination in some Mediterra¬ 
nean mountain habitats (comparing these with lowland 


arid examples) and found ant pollination in five spe¬ 
cies, the ants’ role being heavily dependent on their 
abundance, so that they only became the main pollina¬ 
tor when they greatly outnumbered all other visitors. 
Garcia et al. (1995) reported ant pollination of Bordera 
pyrenaica in the Pyrenees, where ants moved more 
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pollen than ladybirds and flies visiting the same flow¬ 
ers. For Trinia glauca, a rare plant in need of conserva¬ 
tion in parts of Europe, ants were also found to be ma- 
j or pollinators but their visits were reduced if alternative 
alien plants (such as Cotoneaster) were present (Car- 
valheiro et al. 2008). 

Ants may sometimes supply a fallback pollination 
mechanism for plants whose other visitors are rare in 
particular times and places. For example, Ramsey 
(1995) reported ant-induced self-pollination as a re¬ 
productive assurance mechanism when bees or birds 
had failed to pollinate flowers of Blandfordia grandi- 
flora (a perennial herb from montane tablelands) al¬ 
though each ant carried on average only 28 pollen 
grains, half of these on the legs and unable to contact 
stigmas. Fie also noted only very small effects from 
integument contact on pollen viability in this system. 
Gomez (2000) recorded ants as pollinators of Lobu- 
laria maritima in summer, when they made more than 
80% of all visits and were at least as effective as 
winged insects, again with no apparent detriment to 
the pollen. Gomez and Zamora (1992) discussed ant 
pollination of mass-flowering Honnathophylla, where 
the sheer abundance of ants made them the common¬ 
est pollinators, effective so long as the pollen did not 
remain on their bodies for long. 

There are some more specialist examples of ant 
pollination too. Peakall and Beattie (1989) described 
worker ant pollination of an Australian orchid Microtis 
parviflora (shown in fig. 12.5C), albeit with a high de¬ 
gree of geitonogamous selfing occurring, as ants 
moved only about 120 mm on average between flow¬ 
ers. More recently Sugiura et al. (2006) reported par¬ 
tial ant pollination of the orchid Epipactis thunbergii, 
mainly pollinated by hoverflies but potentially ser¬ 
viced by ants in cooler weather, the pollinia again ap¬ 
parently unaffected by contact with the ants’ integu¬ 
ment. Peakall (1989) and Peakall et al. (1990) gave the 
most unusual example of pollination of Leporella or¬ 
chids by pseudocopulating male Myrmecia ants (see 
chapter 23). 

Given that so many ants are attracted to a wide 
range of flowers that they do not pollinate, it is not 
surprising that many plants have adaptations to pre¬ 
vent these ants from doing too much damage by re¬ 
moving valuable floral resources. There may be three 
options for excluding ants from flowers, all covered in 
more detail in chapters 24 and 25: 


1. Physical barriers 

2. Chemical deterrents 

3. Decoys, offered in the form of food some way 
away from the flowers. This can lead on to the 
phenomenon of “ant guards” as a biotic defense 
against herbivory and folivory. 

4. Thysanoptera: The Thrips 

Thrips (also known as thunder-flies) are tiny insects, 
usually only 1-2 mm long, and with curious feathery 
wings unlike those of any other insect group. They 
have piercing and sucking mouthparts, and are pests 
on some crops not because they do immense physical 
damage but because they can transmit viruses. They 
are often very abundant within flowers (several hun¬ 
dred may occur within a single Acacia inflorescence, 
for example), and they take both nectar and pollen, the 
latter by sucking the contents out of individual grains. 
Thus they have been noted as pollen destroyers and 
accidental pollinators (Kirk 1984, 1985, 1987). They 
can carry small but significant numbers of pollen 
grains on their rather bristly bodies, but until recently 
had received little attention as possibly important 
pollinators. 

However, the increasing research on ecosystems 
beyond temperate Europe and North America in the 
last twenty years has drawn attention to their role in 
pollinating some important plant taxa, giving rise to 
the term thripophily. They are active on some of the 
irregularly mass-flowering dipterocarp trees that dom¬ 
inate south-east Asian tropical forests (Appanah and 
Chan 1981), where the thrips’ ability to multiply rap¬ 
idly within the flowers as the trees suddenly and un- 
predictably produce enormous numbers of flowers is 
probably crucial. In the same region they are also not¬ 
ed as pollinators of some Annonaceae (including Po- 
powia, where the entrance to the floral chamber is too 
small for other insects to enter; Momose, Nagamitsu et 
al. 1998), of some ant plants in the forests (Moog et al. 
2002), and of endemic moraceous plants (a sister 
group to figs) in New Guinea (Zerega et al. 2004). 
Thrips are also reasonably common as pollinators in 
lowland New Zealand forests (Norton 1984), and in 
Australia they are recorded as important pollinators of 
some cycads (Mound and Terry 2001; Terry et al. 
2005) and of the unisexual tree Wilkiea, where both 
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male and female flowers serve as brood sites (G. A. 
Williams et al. 2001). Thrips are also known to visit 
and pollinate the ubiquitous tropical weed Lantana in 
its yellow phase (Mathur and Mohan Ram 1978); this 
is in accord with their apparently enhanced responses 
to white, yellow, and blue colors in preference to 
greens, reds, or ultraviolet (Matteson and Terry 1992). 
However, the anthophilic genus Frankliniella (blos¬ 
som thrips) can also demonstrate a preference for red 
colors, consistent with its preferred host plants, which 
include Malvaviscus and Hibiscus (Yaku et al. 2007). 

In colder climates, where bees and butterflies are 
rare, thrips may also come into their own, especially 
on Ericaceae. Hagerup (1951) noted them as pollina¬ 
tors of heathers (Callima and Erica) in the Faeroe Is¬ 
lands, and at least one species ( Ceratothrips ericae) 
goes through its entire life cycle in heather flowers. 
Garcia-Fayos and Goldarazena (2008) estimated that 
they also contributed around 20% of the pollination of 
bearberry ( Arctostaphylos uva-ursi) across various 
European populations. In wetland plant species, thrips 
may also mediate the self-pollination of certain plants 
(Baker and Cruden 1991). 

Thrips may even have some commercial signifi¬ 
cance as pollinators; earlier records noted their ability 
to transfer pollen in onion (Allium), bean (Phaseolus 
vulgaris), sugar beet (Beta vulgaris), plum (Primus), 
and probably also cacao (Theobroma cacao, primarily 
pollinated by small flies; see chapter 28). Relatively 
recently they have been promoted as potential com¬ 
mercial pollinators of certain chilli plants (Saxena et 
al. 1996). 

5. Other Insects: Cockroaches, 
Grasshoppers, Bugs, etc. 

Here we are limited to some very sparse and usually 
brief records. Nagamitsu and Inoue (1997a) demon¬ 
strated cockroach pollination in Uvaria elmeri (An- 
nonaceae) in a dipterocarp forest in Sarawak; the plant 
is a climber and its flowers cauliflorous, giving access 
to crawling cockroaches, which visited mainly at night 
and fed on stigmatic exudates and some pollen. Flow¬ 
ers are cream or brown, with a smell described as de¬ 
caying wood or mushroomlike. A second example of 
cockroach (Amazonina platystylata) pollination was 
reported for a Clusia species on inselbergs (isolated 
mountain tops) in French Guiana (Vlasakova et al. 


2008) , this cockroach having a rather rough surface to 
which pollen adheres, and feeding on a tissue exudate. 
The flowers are unusually strongly scented with ace- 
toin, which is a known component of cockroach com¬ 
munication systems. 

Termites (and perhaps gnats) apparently pollinate 
the most unusual orchid Rhizanthella gardneri in 
western Australia, which is almost entirely subterra¬ 
nean, growing on the roots of Melaleuca bushes. It 
produces bowl-shaped dark purplish flowers that only 
just protrude among the leaf litter under these shrubs, 
giving ready access to wingless termite workers. 

In the Galapagos Islands, with a very sparse polli¬ 
nator community (chapter 27), there are regular flower 
visits by a short-horned grasshopper (Halmenus), 
which Philipp et al. (2006) reported as carrying pollen 
between flowers of 5 out of 12 species investigated. 
On Reunion Island a more specific interaction with an 
orthopteran occurs, with the orchid Angraecum cadetii 
being pollinated by a cricket, which took pollinia from 
around half of all the flowers visited and deposited 
them on stigmas in 27% of flowers (Micheneau et al. 
2010 ). 

The spoon-winged lacewing, a neuropteran, has 
been reported as having specialist pollen- and nectar¬ 
feeding mouthparts (Krenn et al. 2008) and to be a 
proficient flower visitor, selecting Brassicaceae and 
Asteraceae, but especially Achillea. 

The only clear report of a pollinating hemipteran 
bug involves Macaranga tanarius plants, where the 
flowers interact with anthocorid and mirid bugs in a 
brood-site mutualism (see chapter 26); the bugs pierce 
a ball-like extrafloral nectary to gain food, breed in 
the chambers formed by floral bracts (Ishida et al. 

2009) , and in the process move significant pollen onto 
stigmas. This system may have evolved from a preda¬ 
tory interaction of bugs with flower thrips, which have 
a similar brood-site mutualism with other Macaranga 
species, and on which these bugs often feed. 

6. Overview 

From all the descriptions given in this chapter, a gen¬ 
eralist pollination syndrome can readily be estab¬ 
lished that encompasses most of the flowers visited 
by a range of beetles, various different taxa of wasps, 
and a sprinkling of other insects. The traits included 
would be 
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1. open accessible flowers, bowl shaped or flat; 

2. small or medium-sized flowers (very small exam¬ 
ples often grouped together as inflorescences); 

3. commonly white, cream, or yellow-green in color; 

4. mild to moderate scents, fruity or musty but not 
unattractive; 

5. highly accessible pollen, often in large quantities; 

6. exposed nectar, occurring at low volume and usu¬ 
ally high concentration. 

These same flowers, in accordance with their gen¬ 
eralist appeal, may also of course be visited by a range 
of short-tongued flies and bees; but it is worth remem¬ 
bering that they are not completely generalist, in the 
sense that they do not provide adequate reward for 
larger or endothermic pollinators and are visited only 
by the small and the ectothermic insects. 

However, within this grouping there are some phe- 
notypically generalist flowers (e.g., Rubus, Tilia) that 
can be termed cornucopia species, having a higher nec¬ 
tar reward and attracting a greater visitor diversity in¬ 
cluding some longer-tongued bees. It may be useful to 
have a subdivision cornucopia generalist syndrome to 
accommodate these unusual cases, which could also 
include some more morphologically specialist flowers 
like the thistles Cirsium and Centaurea (Ellis and Ellis- 
Adam 1993; Corbet 2006), where the nectar produc¬ 
tion is so high that the nectar entirely fills the corolla 
tube, suiting them to long-tongued visitors, but also 
able to be accessed by flies and some beetles. 


Another important point to make is that even the 
most generalist of flowers are not necessarily equally 
served by all their visitors. Many small composite 
flowers are assumed to be generalist, but this can of¬ 
ten be based on a lack of careful studies. For example 
Hypochaeris salzmanii is a duneland species in Spain, 
a typical composite that one might expect a priori to 
be visited by a wide range of small insects; but in fact 
the capitula open in the late morning, are visited only 
by a very few species of solitary bee, and close by 
mid afternoon (reopening with similar timing over 
the following days). Without carefully analysis over 
several hours, the fact that a seemingly generalist 
flower (inflorescence) has a highly specialized floral 
biology would be missed (P. E. Gibbs, pers. comm., 
from observations by S. Talavera). Heracleum sphon- 
dylium is even more useful here; it is a widely cited 
and exemplary generalist in every respect, and can at¬ 
tract at least 40 insect taxa, yet Zych (2002) reported 
that in Polish populations only 53% of these carried 
significant pollen, and the only consistently impor¬ 
tant pollinators were syrphid flies and greenbottles 
(Zych 2007). Likewise for the carrot ( Daucus ), stud¬ 
ies have recorded in excess of 250 species of visitor, 
the composition and number varying geographically, 
but with solitary bees, honeybees, and some sphecids 
and hoverflies variously recorded as most efficient 
(see Koul et al. 1989; Perez-Banon et al. 2007 for 
details). 
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The flies (order Diptera) constitute a very diverse 
group of insects, all characterized by just one pair of 
wings, the ancestral rear pair being modified as flight- 
and balance-control organs termed halteres. Hence 
flies are often very agile fliers, able to take off and land 
in any direction and often to hover (rare in other in¬ 
sects). Fly mouthparts are essentially suctorial, but can 
be either piercing and sucking (using either plant or 
animal fluids) or merely sucking and lapping without 
the ability to pierce tissues. Many types of fly have the 
ability to regurgitate saliva onto potential foodstuffs, 
making the material more liquid and manageable, and 
some use “bubbling” behavior to speed evaporation of 
excessively dilute fluids. The feeding habits of flies are 
therefore highly varied, and different taxa are able to 
suck, lap, chew, or bite, so that flies can be found tak¬ 
ing advantage of almost all possible foodstuffs. A great 
many groups (from at least 45 fly families) have a 
strong preference for sugary fluids, and therefore com¬ 
monly take some nectar as part of their adult diet, by 
sucking or lapping at flowers; quite a number also take 
pollen. 


Some flies after visiting a flower will carry moder¬ 
ate amounts of pollen on their bodies, making them 
potentially useful as pollinators; but many of them do 
not move large distances between plants (the mean in¬ 
terplant distance is usually less than 1 m), reducing 
their value for effecting cross-pollen movements. 
However, a few taxa are more inclined to make long- 
range movements and thus are more useful. One fam¬ 
ily in particular, the hoverflies (Syrphidae), are specifi¬ 
cally equipped for pollen feeding and rely almost 
entirely on flowers for their adult food intake; they 
also move much more regularly and systematically 
through flower patches and are well known as efficient 
and important pollen vectors in temperate zones. 

Before going into further details on any particular 
flower-visiting flies, some basic fly taxonomy is neces¬ 
sary to make sense of this group as possible pollina¬ 
tors. An overview is shown in table 13.1. Formerly the 
flies were subdivided into three main parts, but mo¬ 
lecular evidence has clarified matters and there are 
now just two suborders, the second divided into four 
main infra-orders (see Yeates and Wiegmann 1999; 
Wiegmann et al. 2003). The most primitive flies are in 
the suborder Nematocera (meaning “threadlike anten¬ 
na”), mostly very small and with very short mouth- 
parts, and commonly with aquatic larval stages. These 
are the midges, mosquitoes, gnats, and craneflies, all 
of which are poorly endowed with attributes that might 
make them good pollinators but which can neverthe¬ 
less be quite common on flowers; and they may repre¬ 
sent the earliest of all flower-visiting animals (see 
chapter 4 and Thien et al. 2009). They are especially 
abundant in arctic and montane habitats (see chapter 
27) where other insects are rare. They take mainly nec¬ 
tar from flowers, although some bibionids, myceto- 
philids, and scatopsids also eat pollen according to 
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Table 13.1 

Dipteran Taxonomy, Showing Some of the Main Croups of Flies Potentially Found on Flowers; 
Those with Significant Flower-Visiting Habits Are Shown in Bold 


Suborder 

Infra-order 

Families 

Common name 

Nematocera 


Tipulidae 

Crane flies 



Psychodidae 

Owl midges 



Culicidae 

Mosquitoes 



Ceratopogonidae 

Biting midges 



Chironomidae 

Nonbiting midges 



Simuliidae 

Black flies 



Bibionidae 

Fever flies, St Mark's flies 



Mycetophilidae 

Fungus gnats 



Cecidomyiidae 

Scatopsidae 

Call midges 

Brachycera 

Xylophagomorpha 

Xylophagidae 



Stratiomyomorpha 

Stratiomyidae 

Soldier flies 


Tabanomorpha 

Tabanidae 

Horse flies 



Rhagionidae 

Snipe flies 


Muscomorpha 




Heterodactyla 

Nemestrinidae 

Long-tongued flies 



Apioceridae 

Flower-loving flies 



Bombyliidae 

Bee-flies 



Asilidae 

Therevidae 

Robber flies 


Eremoneura 

Empididae 

Empids 



Dolichopodidae 

Dance flies, long-headed flies 


Cyclorrhapha 

Platypezidae 

Phoridae 

Scuttle flies 



Syrphidae 

Hoverflies 


Schizophora 

Conopidae 

Tephritidae 

Trypetidae 

Sepsidae 

Sciomyzidae 

Coelopidae 

Sphaeroceridae 

Ephydridae 

Drosophilidae 

Fruit flies 



Chloropidae 

Scathophagidae 

Dungflies 



Anthomyiidae 

Lesser house flies 



Fanniidae 

(House flies) 



Muscidae 

House flies 



Calliphoridae 

Blow flies, bluebottles 



Sarcophagidae 

Tachinidae 

Flesh flies 


Source: Taxonomy based on B. M. Wiegmann et al. 2003. 
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early records (Willis and Burkill, 1895-1908, UK 
flower-visiting records). Gnats, midges and mosqui¬ 
toes of both sexes may take floral nectar as fuel, al¬ 
though for the females it is blood meals that provide 
the main fluid intake. Many of these insects, of either 
sex, are particularly active on flowers toward dusk, 
when their flights in search of their vertebrate hosts 
tend to reach a peak. 

The second and much larger suborder is the Brachy- 
cera, usually stouter and with shorter antennae. The 
more ancestral parts of this taxon (see table 13.1) in¬ 
clude a few moderately important flower-visiting 
groups, notably soldier flies (stratiomyids), which are 
brightly or metallically colored flies that occur reason¬ 
ably commonly on flowers with exposed nectar, such 
as umbellifers. Rhagionids can also be quite common 
on such flowers; relatively large, with elongate pointed 
abdomens, they take some nectar but use flowers more 
commonly as encounter sites for prey or for mates. 
The same could be said of apiocerids, therevids, and 
asilids, in the slightly more advanced Muscomorpha/ 
Heterodactyla grouping; also here are the acrocerids, 
where the genus Eulonchus contains some flower visi¬ 
tors selecting geraniums and similar forms with good 
floral constancy (Borkent and Schilinger 2008). But 
this taxon above all contains two key flower-visiting 
families, the bee-flies (Bombyliidae) and the nemes- 
trinids. Bombyliids are long tongued (commonly 8-12 
mm, but occasionally much longer than this) and are 
reasonably common in temperate habitats but espe¬ 
cially abundant in Mediterranean and semiarid habi¬ 
tats. The Nemestrinidae are also long tongued, some 
species having exceptionally long probosces up to 70 
mm, and are important in southern Africa, sometimes 
exclusive to particular long-corolla flowers. These two 
families originated around 210-180 MYA (Wiegmann 
et al. 2003), before the evolution of angiosperm flow¬ 
ers, so the earliest forms may have fed on Jurassic gn- 
etaleans and other preflower structures. 

The cyclorrhaphan and schizophoran subgroupings 
are enormous and within the former the key group is 
the specialist flower-feeding hoverflies (Syrphidae), 
which are rather like bees in their reward needs and 
floral preferences; they commonly have tongue lengths 
of 2-8 mm. The scuttle flies (Phoridae) are also poten¬ 
tial pollinators of certain flowers, including Araceae 
and some of the elaborate Aristolochiaceae (Rulik et 
al. 2008). The Schizophora encompasses the higher 
flies, taxonomically difficult and with a host of small 
families. The drosophilids—fruit flies—are sufficiently 


familiar to have a common name; beyond them, the 
familiar house flies, blowflies, bluebottles, and bot¬ 
flies, as well as most of the dung- and carrion-visiting 
fly types, are the most recently evolved families (Ca- 
lyptratae), many with flower-visiting propensities. 

1. Feeding Apparatus 

Flies are endowed with a proboscis (fig. 13.1) made up 
from a basal rostrum, plus the ancestral unpaired 
labrum and hypopharynx, which together normally 
form a short tube that lies on the labium. The labium 
forms the ventral wall of the food canal, and its tip is 
expanded into a pair of conspicuous flat pads termed 
the labella, each labellum bearing grooves known as 
pseudotracheae (Gilbert and Jervis 1998; see also 
Krenn et al. 2005). Where the proboscis is relatively 
short, flies can exploit many exposed fluids with a dab¬ 
bing or lapping action, drawing fluid onto the pads (the 
pseudotracheal grooves often have hydrophilic inner 
linings to aid fluid uptake) and then upward into the 
mouth; but they can also use quite solid materials by 
first suspending the particles in saliva regurgitated 
through the hypopharynx. 

In a few of the families, where there are flies with a 
more elongate proboscis, feeding from long tubular 
corollas becomes possible, as well as from the gener¬ 
alist open flowers repeatedly mentioned in the previ¬ 
ous chapter. For example, in bombyliid flies the ven¬ 
tral part of the proboscis base is extended, and the 
suctorial mechanism is also more powerful, giving a 
tongue that can penetrate and suck fluid from quite 
deep corolla tubes. The labellar musculature is also al¬ 
tered, and these flies can feed from laterally opening 
flowers as well as those with frontal and dorsal open¬ 
ings (Szusich and Krenn 2002). 

Where substantial pollen is taken in (suspended in 
nectar, especially in syrphids) the mouthparts tend to 
be shorter and the labella are broader with more 
pseudotracheae, the width of the furrows perhaps re¬ 
flecting the preferred sizes of pollen grains (Gilbert 
and Jervis 1998). 

2. Sensory and Behavioral Capacities 

It has usually been noted that flies use visual cues for 
longer-range flower-seeking and then cue in to olfac¬ 
tory signals at closer range. The eyes of day-flying 
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Figure 1 3.1 The basic fly proboscis, with views of the 
labellar surface and pseudotracheae, and a transverse 
section showing the food channel at X. Dark areas are 
underlying sclerites. (Largely modified from Gilbert 
and Jervis 1998.) 


rostrum 



flies are large and sophisticated by insect standards, 
and all groups of flies so far tested have good trichro¬ 
matic color vision. Flower foragers in at least some 
families (syrphids, calliphorids, anthomyids, tephrit- 
ids) have an apparently innate preference for yellow, 
closely aligned with the wavelengths reflected from 
pollen in the centers of most of the generalist flowers; 
an innate response was clearly demonstrated in a syr- 
phid by Sutherland et al. (1999). However, some of the 
more specialized flower-visiting bombyliid bee-flies 
prefer pinks, mauves, and blues, associated with par¬ 
ticular radial flower forms (Johnson and Dafni 1998). 

Flies have long-range chemosensors (sited on the 
antennae) that are abundant and receptive to many flo¬ 
ral odors, plus taste receptors (contact chemosensors, 
on the mouthparts and on the feet) that are highly at¬ 
tuned to detection of sucrose and/or glucose. 

Various taxa show associative learning, linking col¬ 
or or odor to reward, although some have innate pref¬ 
erences that persist despite training (e.g., syrphids re¬ 
tain their strong preference for yellow; Lunau 1992c). 
For Lucilia (the common greenbottle calliphorid) this 
kind of associative learning can occur with just one 
trial (Fukushi 1989), as shown in figure 13.2. Some 
flies can learn and use spatial landmarks, and various 
male syrphids use this ability to become territorial, 
managing to hover in one site reliably over successive 
days using visual cues, and chasing off intruders with 


considerable targeted accuracy (Collett and Land 
1975). With sugar-seeking habits plus sophisticated 
sensory abilities and behavioral repertoires, a whole 
range of flies are therefore important components of 
the flower-visiting fauna in many habitats. 

There is little evidence for different kinds of forag¬ 
ing behaviors in different fly groups; for example, on 
Clematis ligustifolia Borkent and Harder (2007) re¬ 
corded similar visit and revisit frequencies across a 
range of culicids and small to large muscids, and on 
Shepherdia they found no differences between syrphid 
and empid behaviors. 

3. Generalist Fly Flowers 

A wide range of small open flowers with exposed nec¬ 
taries, occurring either singly or in clustered umbels or 
capitula (see fig. 2.11) are accessible to, and favored 
by, a multitude of flies. This includes both the more 
primitive midges and mosquitoes and the advanced 
syrphid and muscid types. The flies operate using the 
“spit and lap” technique that allows feeding on nectar 
of almost any concentration, but which is especially 
useful when exposed nectar becomes more concen¬ 
trated on warmer and drier days. Muscids in particular 
can take nectar that is effectively crystalline, in excess 
of 75% concentration, when virtually all other flower 
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Figure 1 3.2 Substantial associative learning occurs in a sin¬ 
gle trial in the calliphorid fly Lucilia cuprina, trained on ei¬ 
ther blue or yellow paper circles mimicking flowers. 
(Drawn from data in Fukushi 1989.) 


visitors are unable to use this; they can be seen ac¬ 
tively feeding on a range of familiar umbellifers—such 
as hogweed ( Heracleum), carrot ( Daucus), and pars¬ 
nip ( Pastinaca )—on the hottest summer days. 

These kinds of flowers are traditionally referred to 
as myophilous, and the generalist fly flower syndrome 
as myophily. The typical flowers have the following 
properties: 

1. They are small and open, flat or shallow bowl 
shaped, radially symmetrical 

2. They are often clustered into inflorescences 

3. They are white or cream, or sometimes greenish- 
yellow, in color 

4. They have mild, sweet or musty, but usually not 
unpleasant smells 

5. They open in the daytime, often producing nectar 
throughout the middle of the day 

6. The nectar is exposed, high concentration and low 
volume. 

There is an evident overlap here with the generalist 
syndrome described in the last chapter, and it is quite 
reasonable to merge these all into one syndrome, en¬ 
compassing flowers visited by all the beetles, wasps, 
and short-tongued flies. 

Similar floral designs can be found on a larger plant 
framework on many familiar temperate trees that have 
open accessible flowers—lime ( Tilia ), sycamore 
(Acer), rowan ( Sorbus ), and hawthorn (Crataegus), as 


well as some fruit trees (Malus and Prunus). Not sur¬ 
prisingly, all of these too are frequented by many of 
the fly groups, and the plants could be included as ex¬ 
emplifying the myophily syndrome. In fact the reality 
of “generalist fly flowers” can readily be tested by en¬ 
thusiastic observers in their own gardens: a single 
sunny day spent watching the flowers of Tilia, Hera¬ 
cleum, or Crataegus can easily yield records of ten or 
more fly families, and hundreds of individual dipteran 
visits (although visits from beetles and wasps may also 
occur, and activity from at least a few bees is also like¬ 
ly). Examples of such records can be found in Corbet, 
Unwin et al. (1979), Willmer (1983), and Zych (2002, 
2007). 

Small flies from the lower taxonomic groups also 
visit plants that are low growing and so produce their 
flowers close to the ground, where the microclimate 
may be more equable and humid, suited to a small fly¬ 
ing ectothermic animal. Some alpine plants with tiny 
clustered flowers exemplify this scenario—saxifrages 
and sedums, among others. Climbers with flowers 
growing close to surfaces have similar properties, and 
flies are common at ivy flowers in autumn. Flies also 
visit a range of somewhat taller fairly generalist plants 
with bowl flowers, such as meadowsweet (Filipendu- 
la), rock-rose (Potentilla), and other Rosaceae, or cer¬ 
tain kinds of Clematis (Ranunculaceae); or those with 
very short tubular corollas growing in masses, for ex¬ 
ample some asters and scabious, valerians (Valeriana), 
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mints (Mentha), and some spurges ( Euphorbia ). 
Again, white and rather pale pinks or yellows tend to 
dominate, and the individual flowers are radial or 
nearly so, usually close enough together for a fly to 
walk between them across the inflorescence surface 
(see plate 1B,G). 

A few of the lower Brachycera fly families should 
also be picked out for mention here. The stratiomyids 
or soldier flies, with conspicuously colored and some¬ 
what flattened bodies, are reasonably frequently seen 
on flowers, especially in waterside habitats; their 
tongues are quite short but spread out at the tip into 
large labella that lap up medium-concentrated nectars 
very effectively. They visit Apiaceae regularly, and 
some of the shorter-tubed Asteraceae. Empids are also 
regular flower visitors, although primarily predatory; 
their mouthparts look relatively well suited for nectar 
feeding, being designed for piercing, but the proboscis 
is rather rigid and inflexible (suited to its role of stab¬ 
bing into prey) so in practice works best when probing 
into shorter corollas than one might predict on tongue 
length alone. Empids occur quite commonly on daisy- 
type flowers with medium corolla lengths, such as 
knapweeds and thistles ( Centaurea and Cirsium ), 
which hold nectar at the base of tubes several millime¬ 
ters in length. 

Within the Schizophora, flies from several families 
are generalist flower visitors, all having short tongues 
that merely mop up nectar. Sepsids are small ant-like 
flies, often common on umbels. Some of the tephritids 
and trypetids are brood-site parasites of flowers, lay¬ 
ing their eggs in flower heads of various composites; 
they may transfer some pollen between plants, but any 
benefit to the plant is probably outweighed by the sub¬ 
sequent loss of flowers or seeds to the feeding larvae. 
The same may be true of the fruit flies (Drosophili- 
dae), which are often attracted to nectar and sometimes 
lay eggs in flower heads (Miyake and Yafuso 2003, 
2005), particularly of flowers in the family Araceae 
with rather fruity scents. Chloropids are small, often 
yellow-colored flies that again visit Apiaceae and 
Asteraceae but are additionally regularly recorded on 
forget-me-nots ( Myosotis ); the family also includes 
the frit flies ( Oscinella ) which are serious pests of ce¬ 
reals where they lay their eggs. 

Higher schizophorans include most of the flies fa¬ 
miliar to the layman and irritatingly present in urban 
situations. They are generally quite large and round 
bodied, and many are rather bristly in appearance (es¬ 


pecially the tachinids). A number of the families are 
important, albeit rather generalist, flower visitors, and 
they are probably more use as pollinators than the low¬ 
er muscomorphs, primarily because of their larger 
size. All the groups commonly termed “house flies” 
(muscids in the broad sense, including anthomyiids 
and fanniids) are generalists flower foragers (plate 
ID), and because they are so numerous and so enam¬ 
ored of sugars they are probably the second most im¬ 
portant kind of flower-visiting flies after the hoverflies. 
They can be found intermittently on almost any open 
flower offering access to sugary fluids. They therefore 
fit fully into the generalist myophily syndrome, al¬ 
though there are indications that they are more attract¬ 
ed to sweet-smelling flowers (such as meadowsweet 
(Filipendula), rowan ( Sorbus ), and mignonette (Rese¬ 
da)) than some other flies. Lucilia (greenbottles) and 
Calliphora (bluebottles; see plate 1G) have similar 
habits to the muscids and can be particularly effective 
as pollinators of various Allium species such as leeks 
and onions (Clement et al. 2007), although the blue¬ 
bottles also like to visit carrion (and so can be particu¬ 
larly problematic in spreading unwanted bacteria onto 
sugary foodstuffs). The same is true of the common 
yellow dungfly Scathophaga, which obviously fre¬ 
quents various kinds of dung but also visits flowers to 
find prey and to feed on both nectar and pollen; it can 
be common in late spring on buttercups and hawthorn, 
and in autumn on brambles and various umbels. The 
broad grouping of higher flies together contributes a 
substantial generalist flower-visiting cohort in most 
habitats. In northern parts of Europe and North Amer¬ 
ica, and in mountain habitats, they may be more nu¬ 
merous than either bees or beetles; and with the gener¬ 
alist nematoceran flies added on they strongly dominate 
in the really cold alpine, taiga, and tundra zones. 

Figure 13.3 shows distributions of various general¬ 
ist myophilous flower visitors along a humidity or 
rainfall gradient in Patagonia (Devoto et al. 2005), 
with flies common in the wetter habitats and decreas¬ 
ing in areas of low rainfall; this may again be partly 
associated with temperature differences. 

4. Specialist Nectar-Feeding 
Fly Flower Types 

Those families of flies endowed with a longer slender 
proboscis may visit all the flower types referred to 
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above, but can in addition visit a substantially broader 
spectrum of floral morphologies, inserting their mouth- 
parts into elongate corollas. Such flies tend to be more 
specifically seeking nectar and may show quite spe¬ 
cialist relationships with particular flowers. The two 
classic examples are the bombyliids (bee-flies), com¬ 
mon in many parts of the world, and the nemestrinids, 
which are largely restricted to southern Africa. 

Bombyliids are unusual in having a long forward¬ 
pointing tongue that is not retractable, so they are eas¬ 
ily recognized in flight and when hovering above flow¬ 
ers. However, in other respects they are confusing to 
an observer because (as the name implies) they appear 
very bee-like, having unusually rounded and furry 
bodies (plate 23H). When sitting on or hovering over 
flowers probing for nectar, they are very easily mis¬ 
taken for small bees. In Europe, species of Bombylius 
reach the size of smaller bumble bees, and have tongues 
(fig. 13.4) that can be 10-12 mm in length; in Africa 
their diversity is greater and their tongues can be even 
longer. 

The bombyliids are highly specialized nectar feed¬ 
ers, working systematically through floral communi¬ 
ties, while selecting their preferred species carefully 
primarily by sight; and since they can carry substantial 
pollen on their body hairs they are clearly effective 
pollinators (although some may also eat a little pollen). 


Kastinger and Weber (2001) indicated that their im¬ 
portance has usually been underestimated. They visit 
moderately small tubular flowers, which in temperate 
habitats are mainly white, blue, and purple (more rare¬ 
ly yellow). They are especially active in spring in tem¬ 
perate habitats, preferring sunlit sites, but visit flowers 
all year round in the tropics. Familiar preferred tem¬ 
perate flowers include violets {Viola), grape hyacinths 
{Muscari), stitchworts ( Cerastium ), various small- 
flowered Labiatae such as bugle ( Ajuga ) and ground 
ivy ( Glechoma ), and Boraginaceae such as forget-me- 
nots (Myosotis) and lungwort {Pulmonaria). Some 
also visit primroses and cowslips (Primula). 

The bee-flies have a semiparasitic relationship with 
bees in their reproductive habits, since they lay eggs at 
or in the entrances of solitary bee nests, and their lar¬ 
vae develop by feeding on the stored provisions with¬ 
in; this habit has presumably led to selection for re¬ 
semblance to bees. 

The extreme case of long-tongued flower-visiting 
hovering flies is the family Nemestrinidae. All repre¬ 
sentatives have tongues more than 15 mm long and 
sometimes up to 70 mm (more than four times the 
body length; see fig 13.4C). In the same southern Afri¬ 
can habitats, and exploiting many of the same flowers, 
there are some very long-tongued bombyliids and 
(oddly) also some members of the family Tabanidae 
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Figure 13.4 (A) and (B) Bombylius tongue struc¬ 
ture, and transverse section of the food channel 
formed by labrum and hypopharynx (modified 
from Gilbert 1981). (C) The extremely long 
tongue of a southern African nemestrinid fly, 
Megistorhynchus (redrawn from Barth 1985). 
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labrum 
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with tongues of up to 47 mm (plate 23G), although 
tabanids in other habitats are typically endowed with 
short stabbing mouthparts that can inflict painful bites 
on vertebrates. This unusual dipteran community in¬ 
teracts with a whole range of apparently specialized 
floral species (Johnson and Steiner 1995, 1997; Gold- 
blatt and Manning 1999, 2000), some of the flowers 
perhaps forming mimicry rings (Johnson et al. 2003). 
These flowers are from several plant families, includ¬ 
ing Geraniaceae (pelargoniums), Iridaceae (iris/gladi¬ 
oli), and Orchidaceae; and they have many shared 
features, especially zygomorphic deep tubular mor¬ 
phology, often with additional nectar spurs and con¬ 
spicuous nectar guides, and copious nectar at 20%- 
30% concentration. The various authors familiar with 
these interactions propose the recognition of a specific 
long-tongued fly syndrome to reflect both their impor¬ 
tance in these ecosystems (see chapter 27), and the 
close match of morphological traits of insects and 
flowers. Johnson (2006) showed the functional syner¬ 
gy of fly and plant types here, and the convergent evo¬ 
lution in both partners, although he also noted that the 
flies and plants occur in “guilds,” lacking obligate one- 
to-one relationships, a particular plant species poten¬ 
tially being visited by more than one type of fly that in 
turn visits several plant species. 

As well as the bombyliids and nemestrinids, there 
are other families of fly with less extreme elongate 
tongues that link to flower-visiting behaviours. 

1. Conopidae often have moderately long tongues 
that are extended further by elongated labella. Various 
species can reach nectar in corollas 4—7 mm deep, but 


in practice they tend to visit open exposed nectaries in 
the Apiaceae, Asteraceae, and Rosaceae, and in the au¬ 
tumn they are fairly common on ivy flowers. However, 
they spend rather longer just “sitting around” on a 
wider variety of flowers than is required for their feed¬ 
ing, because they use flowers as encounter sites for 
their prey (bees and other hymenopterans). Hence they 
may be recorded as visitors on flowers where they are 
not feeding, and are making almost no contact with 
anthers. 

2. A few species of tachinid fly (beyond those al¬ 
ready mentioned in southern Africa) are moderately 
long tongued. For example, Siphonia and Prosena 
both visit small tubular flowers such as Mentha in Eu¬ 
rope. Some exceptionally bristly tachinids such as De- 
jeania also occur on Acacia inflorescences in Africa, 
apparently probing for both nectar and pollen (pers. 
obs.). 

5. Hoverfly Flower Types 

Syrphidae, the hoverflies (or sometimes simply called 
“flower flies”), are by far the most important flies to be 
properly equipped for pollen feeding and specifically 
deriving all or nearly all of their food (as adults and as 
larvae) from flowers. As such they often rival the bees 
in importance as pollinators in particular habitats or 
for particular crops, and they have been better studied 
than most other flower-feeding flies. They are particu¬ 
larly important in north temperate habitats and on rela¬ 
tively nonspecialist flowers (once again the Apiaceae, 
the Rosaceae, and many Asteraceae and Brassicaceae); 
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stigma "false vein" 



Figure 13.5 S 


thus they are very good pollinators of crops such as 
rape (Jauker and Wolters 2008). They may take nectar 
or pollen or both (Gilbert 1981, 1985), in part depend¬ 
ing on the flower type and their needs at the time. They 
show good floral constancy in mixed-array tests and in 
the field (for example, Melanostoma had on average 
just 2.7 pollen types in its gut when caught; Hickman 
et al. 1995), so they have all the key attributes of good 
pollinators. 

Syrphids come in a wide range of sizes, many of the 
tiny ones being elongate and shiny black or metallic, 
while the medium to large species are often black and 
yellow (plate 23B,D,E) or black and red and so are 
regularly mistaken for wasps. A few are specific mim¬ 
ics of bees: the drone flies in the genus Eristalis (plate 
23C) can be remarkably like male honeybees, while 
the genus Volucellci contains excellent bumblebee 
mimics and can even have morphs within one species, 
each morph having color bands appropriate to mimic a 
particular bumblebee type. All syrphids have some 
covering of hair, which can be branched or even plu¬ 
mose, but these bee-mimic species are especially hairy 
(in part no doubt to keep up the resemblance) and 
therefore become particularly good pollen carriers. 
The mimicry is assumed to be effective in deterring 
predators, and several hoverflies are readily able to de¬ 
ceive birds into ignoring them as potential prey (Bain 
et al. 2007). But for human observers it is relatively 
easy to distinguish hoverflies once they are at rest, as 
they have just one pair of wings like all dipterans and 
have extremely standard and rather unusual wing ve¬ 
nation (fig. 13.5; plate 23D). 

The mouthparts of hoverflies are variable in length 
(usually 2-4 mm, but up to 5-8 mm in Eristalis and 
Volucella and 12 mm in Rhingia), but they are reason¬ 


ably consistent in design, with a more or less elongate 
rostrum from which emerges a more or less elongate 
proboscis (made up from the labrum and the hypo- 
pharynx) (fig. 13.6). In species with very long tongues, 
such as Rhingia in Europe (fig. 13.6C), both rostrum 
and labrum are elongated (unlike most other longer- 
tongued flies, where the rostrum remains short). The 
tip of the proboscis expands into a pair of bristly la- 
bella, which are used to dab at a flower and pick up 
superficial pollen (Gilbert 1981). Alternatively, pollen 
is gathered either by rubbing anthers between the la- 
bella, or by inserting the labella into larger anthers and 
scraping out the pollen. The face and tongue are regu¬ 
larly cleaned with the legs, allowing pollen to be trans¬ 
ferred to the mouth and eaten. The labella can be 
closed together almost as a tube when feeding on nec¬ 
tar in tubular flowers, or spread out over a wider liq¬ 
uid surface in more open flowers. This allows the syr¬ 
phids to feed on a particularly wide range of flower 
types. 

Gilbert (1981; see also Gilbert and Jervis 1998) 
analyzed feeding behavior in common European hov¬ 
erflies. All species took pollen as their main protein 
source (more so in females, as they have to provision 
their eggs with substantial protein), and the proportion 
of pollen taken was roughly reflected in the recorded 
density of the ridges (pseudotracheae) on the labella 
surfaces. The more polyphagous genera visiting sev¬ 
eral sources for pollen (such as Platycheirus, Episyr- 
phus, Sphaerophoria ) were shown to be commoner in 
open habitats, compared with more forest-loving oli- 
gophagous types (Branquart and Hemptinne 2000). 

Not all hoverflies take in nectar. The smaller types, 
often with shorter tongues, are mainly pollen feeders 
(e.g., Syrphus, Episyrphus, and Melanostoma), al¬ 
though others of similar body size have longer tongues 
with smaller labella and take both nectar and pollen 
(e.g., Metasyrphus, Platycheirus, and Syritta). Varying 
amounts of nectar were used in the diets of some me¬ 
dium and all larger species tested ( Sphaerophoria, Rh¬ 
ingia, and Eristalis), presumably reflecting their high¬ 
er energy needs. The largest hoverflies such as Eristalis 
could fill their crop with nectar in 75-220 minutes de¬ 
pending on the flowers chosen (Gilbert 1983). 

As might be expected, hoverfly flowers include a 
multitude of designs. There is a good correlation be¬ 
tween proboscis length and flower depth (Gilbert 1981; 
fig. 13.7), even though flies with longer tongues can 
also exploit shallower open flowers. The most favored 
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A 



labellum 


Figure 13.6 (A) and (B) General syrphid proboscis 
types in Episyrphus and Platycheirus, and (C) elon¬ 
gated pointed proboscis in the genus Rhingia. (All 
modified from Gilbert 1981.) 



families are Apiaceae, Asteraceae, Ranunculaceae, 
Brassicaceae, Caryophyllaceae, and Rosaceae, many 
of these corresponding with the generalist fly flowers 
discussed in section 2, Sensory and Behavioral Ca¬ 
pacities, above. The range of Asteraceae used is cer¬ 
tainly extended for the hoverflies, with more of the 
longer-corolla flower species coming into the frame; 
syrphids regularly visit hawkbit ( Leontodon ), hawk- 
weed ( Hieracium ), and dandelion ( Taraxacum ). Gil¬ 
bert and others have also reported a strong propensity 
to visit the (normally wind-pollinated) flowers of 
grasses (Poaceae) and of plantains ( Plantago ), espe¬ 
cially for two very common genera, Melanostoma and 
Platycheirus. On open flowers such as these, the tim¬ 
ing of hoverfly foraging depends in part on size and 
coloration as discussed in chapter 10 (figs. 10.9 and 
10.10), with a particular tendency to activity in cooler 
weather in the large and hairy drone flies ( Eristalis ), as 
these have some endothermic ability. 

For the medium- and long-tongued syrphids, a fur¬ 
ther range of plants beyond these generalist families 
are exploited. Some of the smaller zygomorphic flow¬ 
ers from the families Lamiaceae and Scrophulariaceae 


(such as Stachys, Glechoma, and Ajuga) are especially 
valued by such flies, which feed on them much more 
efficiently than can other flies; they approach in an ap¬ 
propriate direction and handle the relatively complex 
morphology of the flower rather easily, unlike muscids 
and calliphorids, which seem to visit more randomly. 
Other preferred flowers include smaller legumes such 
as melilot ( Melilotus ) and clover ( Trifolium ), and vari¬ 
eties of scabious ( Knautia and Scabiosa ). Extraordi¬ 
narily, members of the genera Volucella and Eristalis 
that mimic bees also manage to mimic their habits of 
buzz pollination on some of the classically sonicated 
flowers (see chapter 7). 

A few plants are sometimes regarded as having 
more specialist hoverfly flowers (Kugler 1938). Many 
of these share a particular arrangement of paired side¬ 
ways-spreading stamens set at a slightly higher level 
than the central and slightly downwardly directed stig¬ 
ma (fig. 13.8), as seen in some species of Veronica 
(speedwell), and in enchanter’s nightshade ( Circaea ). 
When a hoverfly grasps the stamens to feed, they droop 
slightly under the weight, and the underside of the in¬ 
sect body contacts the stigma. Both these plants are 
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Figure 13.7 Correlations of syrphid tongue lengths with 
average corolla depth of flowers visited for nectar (A), 
and with percentage of nectar taken in the diet (B). 1, 
Syrphus ribesii; 2, Metasyrphus corollae ; 3, Episyrphus bol- 
teatus; 4, Melanostoma; 5, Platycheirus; 6, Syritta; 7-9, 
Eristalis spp; 10-11, Sphaerophoria spp. (Redrawn from 
Gilbert 1981.) 


common in the shady moist habitats of woodland, 
where appropriate smaller-bodied hoverflies such as 
Melanostoma, Baccha, and Syritta also occur (and 
where similarly sized bees that could also work the 
flowers are rather uncommon). Another rather special¬ 
ist example is the slipper orchid Paphiopedilum villo- 


sum, which is almost exclusively visited by syrphids, 
lured in by glistening staminodes and an apparent perch 
to land on, as well as a urine-like scent; this is pollina¬ 
tion by deceit, as in attempting to land the flies slide off 
into a trough and can only escape (unrewarded) by 
squeezing out past the pollinia (Banzinger 1996). 
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Figure 1 3.8 Flower forms said to be typical for 
hoverflies, with paired high stamens and a 
downward-pointing stigma. (Drawn from 
photographs.) 



For the really long-tongued hoverflies, favored 
flowers include red campion ( Silene ), some gerani¬ 
ums, common bluebells ( Hyacinthoides ), the bind¬ 
weeds ( Convolvulus spp.), and some of the small to 
medium balsams ( Impatiens ). Rhingia is particularly 
adept at feeding on nectar from common bindweed 
in hedges and extending its attention to ornamental 
forms growing in gardens and is also a regular visitor 
to forget-me-nots and lungworts. 

It should be evident from this discussion that hover- 
fly flowers overlap very substantially with any listing 
of bee flowers. It is reasonably common to find hover¬ 
flies as main pollinators on bee flowers in regions or at 
times where bees are relatively scarce, as in the moist 
woodlands mentioned above, or in winter in grasslands 
of the subtropics, where hoverflies have been reported 
to take over as pollinators of flowers such as Sisyrinchi- 
um (Freitas and Sazima 2003). In recent years, with a 
scarcity of honeybees in many areas (see chapter 29), 
there have been marked increases in hoverfly numbers, 
especially of the ubiquitous and almost worldwide 
Episyrphus balteatus. 

Hoverflies also have sensory and behavioral attri¬ 
butes that are rather bee-like and accentuate their im¬ 
portance as pollinators. Their color and shape prefer¬ 
ences are attuned to their being flower visitors; in 
laboratory trials several showed a clear preference for 
yellow flowers, or yellow centers, and smaller types 
such as Episyrphus chose smaller rather than larger 
flower models (Sutherland et al. 1999). A strong bias 
for yellow is accompanied by poor discrimination of 


either blues or deep reds from grays. Additionally they 
are “clever” flower visitors, with good associative 
learning. Many have an excellent ability to learn spa¬ 
tial landmarks, which links to male territoriality, one 
individual returning to hover in the same sunny patch 
or woodland edge day after day. Hoverflies can handle 
complex flower morphologies with considerably more 
facility than most other insects and can deal with zygo- 
morphic corollas quickly and easily. In addition, they 
can work systematically around the florets of compos¬ 
ite flowers (fig. 13.9), “counting off’ a full circuit and 
then leaving (Gilbert 1983). Crucially, the hoverflies 
also tend to show a high degree of flower constancy. 
Studies with mixed floral communities showed very 
different but highly consistent flower choices made by 
Eristalis and Helophilus (Parmenter 1958), while Ku- 
gler (1950) revealed that individual constancy occurred, 
different individuals of Eristalis tenax being faithful to 
quite different flower species on a given day. 

6. Carrion-Fly Flower Types 

These flowers practise deceit pollination, and flies are 
very commonly involved. In essence this is a form of 
brood-site mimicry, covered more generally in chapter 
23. The flowers mimic animal carcases and carrion, the 
preferred egg-laying site of various kinds of fly whose 
larvae require dead or decaying flesh as food; they at¬ 
tract in the adult flies but usually offer no rewards. The 
technical term for this syndrome is sapromyophily 
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Figure 13.9 The hoverfly Eristalis tenox appears 
able to "count" a circuit when foraging on 
Aster flower heads, with the majority of indi¬ 
viduals completing a 360° turn and then leav¬ 
ing the flowers. (Redrawn from Gilbert 1983.) 


(although something similar also occurs with dung 
beetles, when it is termed coprocantharophily; chapter 
12). A closely related brood-site mimicry is found in 
some flowers that resemble the gills of fungi, attract¬ 
ing visits by egg-laying flies, and termed mycetophily; 
here the best-known examples involve fungus gnats 
(very small nematoceran flies in the family Myceto- 
philidae). Within the Saxifragaceae, a fungus-gnat pol¬ 
lination syndrome with unusual saucer-shaped flowers 
has evolved repeatedly (Okuyama et al. 2008). 

Members of the family Araceae (the aroids) are 
best known as carrion flowers, but examples also oc¬ 
cur in Aristolochiaceae, Apocynaceae/Ascelpiadaceae, 
Taccaceae, and Orchidaceae. Some examples are rela¬ 
tively simple, while others involve complex trapping 
mechanisms. Various asclepiads use simple brood-site 
mimicry, a well-known example being Stapelia: the 
large flowers have reddish or purplish corollas and dis¬ 
tinctive patterns of hair on the petals, increasing the 
resemblance (both visual and tactile) to dead animal 
surfaces. Most strikingly, the flowers are strongly and 
unpleasantly scented; volatile profiles were shown in 
table 6.2 (Jurgens et al. 2006). They attract a range of 
muscid and calliphorid flies, which lay eggs on the 
flowers and in the process get the typical asclepiad 
pollinaria (chapter 7) stuck on their feet. Some other 
asclepiads (e.g., Tavaresia ) enhance their attraction to 
flies by incorporating motile structures inside (or at the 
mouth of) their flowers, such as hairs or filamentous 
tissues that constantly move or vibrate in the slightest 


breeze; similar oscillating structures occur in some 
Ceropegia species and in a few orchids. 

Rajflesia, a genus including the world’s largest 
flower, also fits in here. Like its close relative Rhizan- 
thes, the Rajflesia plant occurs in the shaded under¬ 
story of Asian forests, growing as a parasite on tree 
roots and with only its enormous reddish-brown flow¬ 
ers visible above ground level (plate 22G,H). Both 
genera emit volatiles and some carbon dioxide and 
have a degree of thermogenesis (Patino et al. 2002), all 
helping to attract the blowflies such as Lucilia that act 
as pollinators (Beaman et al. 1988). Flies seek to ac¬ 
cess the enticing “flesh” by entering anther grooves 
with hair-lined ridges that guide them precisely, so that 
the viscous pollen matrix is deposited on their backs; 
then the flies squeeze into female flowers under a ring 
of stigmatic tissue where pollen is rubbed off. Figure 
13.10 shows the architectural features involved. 

The genus Tacca is also worth mentioning; again it 
occurs in Asian forests. Widely referred to as the “bat 
flower” from its shape, but nectarless and with elabo¬ 
rate filiform appendages in dark purple or almost black 
colors and strong decaying odors, this is again fly vis¬ 
ited (albeit at low frequency, with selfing being com¬ 
mon; Zhang et al. 2005; and see Fenster and Marten- 
Rodriguez 2007). 

Examples of trapping systems in carrion flowers 
are described in chapter 23, so here we concentrate 
only on the floral features linked to fly attraction. Ex¬ 
amples include Aristolochia, where the corollas are 
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A) general cut¬ 
away view; (B) blowfly feeding on male structures 
under the rim of the diaphragm; (C) closeup of 
male structures, with channels leading to the an¬ 
thers dispensing a viscous pollen mix. (Modified 
from Endress 1994, based on earlier sources.) 



underside of carrion fly 
diaphragm 



viscous 

pollen 

mass 


typically tubular but strongly protogynous so that they 
depend on attracting flies already covered in pollen 
(Brantjes 1980). The flowers have expanded petal 
lobes, often greenish or mottled with purple and white, 
and with a long tail (or sometimes several shorter tails 
around the edge of the petals), all providing visual at¬ 
traction (fig. 13.11 and plate 22A). They emit strong 
carrion smells, often intensely over just a few hours, 
and these are sometimes localized into the petal tails 
which act as osmophores. The base of the corolla (con¬ 
taining a central cone of stout styles and anthers) se¬ 
cretes a little nectar with a high amino acid content 
and is also transparent so it appears as a window, at¬ 
tracting the flies down to the reproductive organs in 
pursuit of food and a way out. For the small Eurasian 
species, the pollinators are mainly small nematoceran 
flies, especially biting midges or, in the case of A. pal¬ 
lida, male phorids (scuttle flies) (Rulik et al. 2008). 
For the larger and more complex South American 
Aristolochia flowers, a whole variety of fly genera are 
attracted, although only a small range (usually sepsids, 
muscids, and calliphorids) are actually trapped by any 


one species. There is rather good specificity (and little 
overlap) between flower species and fly genera. These 
New World Aristolochia species often have a U-shaped 
corolla, and are called “Dutchman’s pipes” because of 
their form (fig. 13.1 IB). 

In the Asclepiadaceae the highly variable genus 
Ceropegia, occurring throughout the southern conti¬ 
nents, provides all the major examples of carrion fly 
flowers (Vogel 1961). Here again the corolla is long 
and tubular, commonly green/grey, with the petal lobes 
converging and usually uniting at their tips to produce 
a lanternlike structure (fig. 13.12 and plate 22B,C). 
The flower may also have a paler window area basally, 
around the sexual organs and nectaries. Ceropegia 
species usually lack the purple fleshy external appear¬ 
ance and the strong decaying scents of other carrion 
flowers, instead having quite delicate scents. They at¬ 
tract a range of small flies with fairly good specificity. 
The flies pick up pollinia on the underside of their 
heads or mouthparts while drinking nectar and may 
deposit them into grooves adjacent to the nectaries in a 
subsequent flower. 
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Figure 1 3.12 A variety of floral forms in Cerope- 
gia species: (A) C. ampliata ; (B) C. distincta hay- 
garthii; (C) C. sandersonii; (D) C. robynsiana; (E) 
C. stapeliiformis. Scent-producing areas are 
black, and waxy or slippery surfaces are stippled. 
(Redrawn, not to scale, from Vogel 1961.) 
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Figure 13.1 3 Structures of typical saprophytic 
aroid inflorescences: (A) and (B) external view 
and transverse section of Cryptocoryne; (C) in¬ 
ternal view of spadix of Arum (A-C redrawn 
from Proctor et al. 1996); (D) the main volatiles 
emitted by common Arum species. 
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In Europe it is primarily the Araceae, and specifi¬ 
cally the genus Arum, that provide carrion fly-trap ex¬ 
amples (Meeuse and Morris 1984). Many of these 
aroids smell strongly of decaying meat, with dark pur¬ 
plish-brown and often hairy surfaces. They have un¬ 
usual inflorescences with a central club-shaped spadix 
and an outer leafy spathe (fig. 13.13) that together take 
over all the attractive functions, and either of these 
structures may be expanded into long tails. Inside the 
resulting upright inflorescence tube, the flowers exist 
in single-sex arrays, the females (little more than an 
ovary with a flattened stigma on top) being at the base 
of the spadix and the male flowers (merely paired sta¬ 
mens) in a ring just above this, both protected deep 
within the spathe cavity. In the familiar European 
Arum maculatum (lords and ladies or cuckoo pint), 


and the similar Mediterranean Arum nigrum, the spathe 
opens during the night, the stigmas mature, and the 
spadix emits a strong fecal odor from dawn onward, 
composed of ammonia, ethylamine and diethylamine, 
putrescine, indoles, and skatole (fig. 13.13D; and see 
chapter 6). Dung and flesh flies and varied small nem- 
atoceran flies may arrive in considerable numbers over 
the next few hours, drawn in from a distance by the 
scent and at closer range by the colors and sometimes 
by the waving tails. In A. maculatum a high proportion 
of the insects that effect pollination are small flies in 
the owl-midge family (Psychodidae) (Lack and Diaz 
1991), while in Asian species a range of biting midges 
(Ceratopogonidae) and blackflies (Simuliidae) have 
been recorded. 

One odd feature of most kinds of aroid is their 
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substantial heat generation during flowering. This was 
at one time thought to be an attractant, inducing flies to 
enter the spadix voluntarily; but in practice there is no 
doubt that the flies fall in accidentally, and are not at¬ 
tracted to warmth per se. It seems likely that the heat 
produced in the spadix by chemical thermogenesis is 
mainly helpful in rapidly vaporizing the volatile scents 
as they are secreted from the plant’s tissues (Meeuse 
1966). Similar high levels of heat production have 
been reported in various Ceropegia and Aristolochia 
species. 

From these descriptions of examples from three 
key families, it is not difficult to identify key conver¬ 
gent features of these flowers. 

The Sapromyophilous Syndrome 

1. Large tubular flowers with spreading upper co¬ 
rolla, often growing close to the ground 

2. Dull red, purple, brown, or sometimes greenish 
coloration, often with mottling 

3. Petal surfaces with hairs and often with longer 
tail-like structures 

4. Strong unpleasant scents, mimicking dead or de¬ 
caying flesh or excreta, with vaporization some¬ 
times aided by thermogenesis 

5. Window effects from translucent corolla bases 

6. Abundant pollen, little or no nectar (amino-acid- 
rich where present, perhaps to sustain the fly un¬ 
til it meets and is trapped by its next flower) 

7. May have trapping mechanisms (downward¬ 
pointing hairs, slippery papillate surfaces, rings 
of protective bristles, constrictions, overhangs; 
chapter 23 gives details) 

8. May have release mechanisms (withering of 
hairs, relaxation of constrictions, or change of 
floral orientation from pendant to horizontal) 

9. Strongly protogynous 

10. Relatively short lived, often 2-4 days 

Orchids can readily be found that fit within this 
same syndrome, in both Old and New World floras. 
Red or brown flowers and foul odors occur in various 
Bulbophyllum species, on which flies alight and crawl 
toward the middle, finding themselves tipped rapidly 
toward the central column when they try to grip the 
orchid labellum, which is a finely balanced spring 
mechanism. Different species of Bulbophyllum exploit 
different flies, each being “sprung” by a different 


weight of visitor. Similar mechanisms occur in some 
Neotropical Masdevallia , which lure in flesh flies by 
color and odor and offer no reward (Dodson 1962). 


7. Some Other Specialist Cases 

Various gall midges are known to have relatively spe¬ 
cialist interactions with flowers. For example, Schisan- 
dra is pollinated specifically by female Megommata 
midges (Cecidomyidae), the females unusually eating 
the pollen as a major part of their diet (Yuan et al. 
2007). Cocoa flowers ( Theobroma ) are also routinely 
pollinated by cecidomyid midges (Young 1985; chap¬ 
ter 28). More unusually, the monoecious tree Artocar- 
pus integer is pollinated by gall midges, but here a 
fungus that infects the male flowers is crucial to the 
interaction (Sakai et al. 2000), as the midges eat the 
fungal mycelium while ovipositing on the flower and 
picking up pollen, then transfer this to (uninfected) fe¬ 
males presumably because of an odor-based sexual 
mimicry. 

Fungus gnats, as well as engaging in deceit pollina¬ 
tion with flowers that resemble their oviposition sites, 
have rather specialist interactions with a range of 
spring-flowering woodland plants such as Tolmeia 
(Saxifragaceae), where larger flies and bees are inef¬ 
fective and act merely as pollen robbers on male-phase 
plants (Goldblatt et al. 2004). 

Orchid pollination is also sometimes effected by 
flies other than carrion types. Male mosquitoes visit 
Habenaria in North America (Thien 1969), and vari¬ 
ous nematoceran flies work the flowers of the genus 
Pterostylis. Tachinid flies pollinate an Andean orchid, 
Trichoceros antennifera. 


8. Overview 

From a worldwide perspective, flies are second only to 
bees in their importance as flower visitors, often mak¬ 
ing up for their relatively poor pollen-carrying capaci¬ 
ties by their sheer abundance (Larson et al. 2001). 
They may also be less rigorous visitors and make vis¬ 
its to fewer flowers per plant, so producing less geito- 
nogamy, and they show reduced grooming so that less 
pollen may be wasted from the plants’ point of view. 
Anthophilous flies probably do not get their fair share 
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of attention in the pollination literature. They may be 
at least as important as bees in some tropical and semi- 
arid zones and are often more important on some is¬ 
lands where bees are uncommon (including large is¬ 
lands such as New Zealand), and especially in the cold 
high-latitude and high-altitude habitats considered in 
chapter 27. 

However, the details given in this chapter should 
make it evident that there is not one fly pollination 
syndrome (myophily) but several. Most flies could 
best be included within the generalist syndrome de¬ 
scribed in chapter 12, and it is these for which the term 
“myophily” is most often used (and see table 11.1). 


But there could also be grounds for regarding the long- 
tongued flies of southern Africa, and perhaps even 
more so the carrion flies, as representing additional 
syndromes in their own right. Furthermore, the hover- 
flies (and a few other groups) are distinctly more spe¬ 
cialist than the majority of flies, and in many respects 
their flower-visiting choices are allied closely with the 
characteristics of bee pollination discussed in chapter 
18. In these last three syndromes—long-tongued flies, 
carrion flies, and hoverflies—quite specialist and effi¬ 
cient pollination relationships have developed, with 
good constancy, good pollen carriage, and potentially 
rather high pollination efficiencies. 
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6. Overview 


The order Lepidoptera contains the butterflies and 
moths and represents around 10%-11% of all de¬ 
scribed insect species. The types that are relevant here 
are mostly rather large insects (although there are also 
many thousands of species of small micromoths), but 
they are usually not particularly strong fliers, flying ef¬ 
fectively only over short ranges. Their larval stages 
(caterpillars) are herbivorous, feeding on plant leaves 
or occasionally woody material or flowers; but as 
adults all are liquid feeders, sucking up fluids using a 
long, coiled, and elastic proboscis. This unusual tongue 
can be used to feed on many possible liquids, includ¬ 
ing plant sap, fruit juices, and excrements, but it is 
mainly employed to drink nectar. Since all lepidopter- 
ans have sculpted scales and hairs on their body sur¬ 
face (their name means “scaled wings”), it is inevitable 
that some pollen sticks to them, especially their 
tongues and faces, while they are flower visiting. Thus 
they have built-in adaptations as potential pollinators. 

Lepidopterans are split into four suborders, but all 
the flower visitors occur in about 16 families within 
the largest of these, Ditrysia (the other three groupings 
include only micromoths). Ditrysia incorporates many 
superfamilies, mostly consisting of large moths and 


yet more micromoths, but two contain the evolution- 
arily more recent butterflies (thus neither “butterfly” 
nor “microlepidopteran” is a strictly acceptable taxo¬ 
nomic term). 

Butterflies are loosely defined by their relatively 
thin bodies, colorful wings, and the thickened club-like 
tips of their antennae; in the superfamily Papilionoidea 
are the nymphalids, pierids, lycaenids, papilionids, 
and riodinids, while Hesperoidea contains the skipper 
types. All butterflies are diurnal and associated with 
warm and relatively still summer weather. However, 
the vast majority of moths (from the other superfami¬ 
lies) are crepuscular, or active at night time. Hence the 
two groups have different constraints and different flo¬ 
ral needs, and it has been traditional to link them to 
two differing kinds of flowers, opening by day and in 
the evening, respectively, and to specify two distinct 
lepidopteran pollination syndromes. However, it is in 
fact more useful to have three groupings, with moths 
split again, the family Sphingidae (sphinxmoths or 
hawkmoths) being distinct from all the other moth 
families. This is partly because very few butterflies 
and just a handful of species from most moth families 
can hover, and usually only weakly, whereas the sph- 
ingid moths are able to fly rapidly and strongly over a 
long range and can also hover expertly. This has the 
important outcome that they do not need a landing 
platform on their flowers. Sphingids also generally 
have rather good endothermic abilities (see chapter 
10) and so can be active in much colder conditions, 
after dusk and into the night, when all other (ectother- 
mic) lepidopterans are unable to fly. In many ways, the 
hawkmoths are the most effective pollinators in this 
order of insects, and they are very important in many 
warmer habitats. Here then we will treat the settling 
moths and the hovering hawkmoths separately. 
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overlapping 



Figure 14.1 Anatomy of the lepidopteran probos¬ 
cis: (A) schematic view with the tongue in various 
states of protrusion and during sucking; (B) in 
longitudinal section showing the main internal 
muscles; (C) transverse section of the double 
feeding tube; (D) the fully extended highly elon¬ 
gate tongue to be found in certain hawkmoths 
such as Cocytius; (E) the more unusual feeding ap¬ 
paratus of the relatively primitive moth Micropter- 
yx, with pollen-scraping modified maxillary palps. 
(Parts (A), (B), (D), and (E) redrawn from Barth 
1985; (C) redrawn from Proctor et al. 1996.) 




1. Feeding Apparatus 

The lepidopteran proboscis (fig. 14.1) is derived from 
the paired maxillae rather than from the labium and 
hypopharynx as in flies. The two maxillae are held to¬ 
gether by hooks and teeth, giving a watertight seal 


around the central tube (Hepburn 1971). The maxillae 
are themselves hollow, filled with hemolymph (the 
term for insect blood or body fluid), so the structure 
can be uncoiled partly by increased pressure of this 
fluid, aided by small muscles that change the tube’s 
cross section. There are also lateral bars ensuring that 
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the tongue unrolls in an organized manner in the plane 
of the body axis, and a flexible layer containing the 
highly elastic protein resilin, to ensure that it coils up 
neatly again into an almost perfect spiral when pres¬ 
sure is released by opening a valve at the upper end. 
Suction within the tube is created by a cibarial pump 
in the head, and as in other nectarivores fluid viscosity 
has a major influence on the food intake rate. However, 
hawkmoths can vary their pumping in relation to both 
viscosity and concentration and achieve peak intake at 
around 34% sucrose (Josens and Farina 2001). In gen¬ 
eral, lepidopteran optimal feeding rates have been re¬ 
corded at 35%-45% sugar concentrations (May 1985, 
1988; Boggs 1988; Kingsolver and Daniel 1995; see 
table 8.4). But for butterflies the actual feeding rate is 
often rather slow, given the need to probe many tiny 
flowers in succession; Hainsworth et al. (1991) record¬ 
ed Vanessa butterflies taking nearly 50 minutes to gain 
an average of 28 pi from a Lantana plant. 

With this feeding apparatus, any fluid is potential 
food, and many lepidopterans do have minor dietary 
inputs from decaying fruits, oozing saps, or animal flu¬ 
ids. Indeed, for a few, such as the white admiral but¬ 
terfly ( Limenitis Camilla), saps and excrements are the 
major food, while for the two-tailed pasha ( Charaxes 
jasius) saps and fruits are the sole foods. However, the 
vast majority of lepidopteran species use the proboscis 
to exploit nectar as the main nutritional intake. 

The tongue is always elongate, up to 16-18 mm in 
European and American butterflies and often much 
longer in flower-visiting moths (fig. 14. ID and table 
14.1). Tongue length is roughly correlated with body 
mass and with wing area in European butterfly species 
(fig. 14.2; Corbet 2000); but nymphalids have rela¬ 
tively shorter tongues and smaller wings, while hes- 
perids have unusually long tongues but small wings. 
Since wing loading affects foraging costs (chapter 10, 
and see May 1988), it follows that lepidopterans with 
unusually small wings prefer to forage on tightly 
massed flowers or those with higher than average nec¬ 
tar rewards; hence nymphalids and hesperids do not 
commonly visit the solitary flowers that attract many 
other butterflies. In tropical species, body length and 
proboscis length are again correlated allometrically, 
and Kunte (2007) proposed that outliers were rare be¬ 
cause disproportionately long tongues were con¬ 
strained by the longer handling times that such tongues 
imposed. 

Tongue length certainly sets a direct limit on the 


range of flowers from which nectar can be extracted, 
and butterflies do not normally visit corollas deeper 
than their tongue length. Because the mouthparts are 
elongate, most lepidopterans require quite dilute non- 
viscous nectars (chapter 8); concentrations above 
30%-40% become exceedingly difficult to suck up. 
However, some noctuid moths (perhaps rather more 
species than currently recorded) can spit saliva to give 
dilution of nectars that are at first too concentrated for 
them. The silver Y-moth (Autographa gamma), com¬ 
mon in Europe, can take quite concentrated nectars in 
this fashion. In fact, a few moths can take much more 
dilute fluids and regurgitate them for evaporation, as 
well as taking the more concentrated fluids by the sali¬ 
vating technique (Wei et al. 1998). 

In addition, the tip of the lepidopteran proboscis is 
covered in tiny spines and can scrape at tissues in the 
base of a flower to get some sap released. This is prob¬ 
ably why many butterflies can be seen apparently suc¬ 
cessfully feeding suctorially at flowers that seem to 
produce no nectar. Chapter 9 discussed at least one 
case where this results in a specific relation between 
an orchid and a moth. More generally, this strategy 
may extend the range of visited plants beyond that of 
bees and flies, and it could be an economic solution of 
direct benefit to certain nectarless plants, ensuring that 
they invest in rewards only when they are actually be¬ 
ing visited. 

Some lepidopterans with short adult lives take little 
food after emergence and spend most of their time 
mate seeking, using up lipid reserves they accumulat¬ 
ed as larvae. Those species with limited lipid reserve 
may have to be more selective about the flowers they 
visit so that they achieve a greater foraging profit, 
whereas species with large lipid reserves (for example, 
up to 16% dry mass in Agraulis vanillae) can afford to 
be unselective and visit flowers with small nectar vol¬ 
umes (May 1992). On a similar theme, some species 
rely solely on protein they accumulated as larvae to 
mature their eggs, but many do require some food in¬ 
put other than nectar to give at least a minimal input of 
extra nitrogen. Recent evidence indicates that some 
prefer nectars with higher amino acid levels, presum¬ 
ably for this reason (chapter 8). Alternatively, tropical 
butterflies in particular will often take urine and feces, 
such as bird droppings, and many will show “pud¬ 
dling” behaviors on muds and small water patches, 
gaining salts and probably some nitrogen from the mi¬ 
crobial growths in such fluids. 
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Table 14.1 

Lepidopteran Tongue Lengths 


Family 

Species 

Common name 

Tongue length (mm) 

Butterflies 

Lycaenidae 

Polyommatus icarus 

Common blue 

~8 


Lycaena phlaeas 

Small copper 

7-8 

Papilionidae 

Parnassius apollo 

Apollo 

12-13 


Papilio machaon 

Swallowtail 

18-20 

Nymphalidae 

Boloria pales 

Shepherd's fritillary 

9-10 


Vanessa atalanta 

Red admiral 

13-15 


Aglais urticae 

Small tortoiseshell 

14-15 


Inachis io 

Peacock 

16-18 


Agraulis vanilllae 

Gulf fritillary 

17-21 

Satyrinae 

Coenonympha pamphilus 

Small heath 

~7 


Maniola jurtina 

Meadow brown 

10 

Pieridae 

Pieris brassicae 

Large white 

15-16 


Pieris rapae 

Small white 

12-15 


Phoebis sennae 

Cloudless sulphur 

27-32 

Hesperidae 

Thymelicus sylvestris 

Small skipper 

14-15 

Moths 

Pyralidae 

Pyrausta 


4-9 

Noctuidae 

Autographa gamma 

Most temperate species 

Silver-Y 

15-16 

10-20 

Sphingidae 

Macroglossum stellatarum 

Hummingbird hawkmoth 

24-28 


Hyles lineata 

Striped hawkmoth 

25-33 


Sphinx ligustri 

Privet hawkmoth 

36-42 


Agrius convolvuli 

Convolvulus hawkmoth 

65-80 


Manduca sexta 

Manduca spp (C America) 

Tobacco hawkmoth 

85-95 

45-1 35 


Deilephila elpenor 

Cocytius cluentis (5 America) 
Xanthopan morgani (Madagascar) 
Mean for C American sp 

Elephant hawkmoth 

250-280 

250 

200-250+ 

49 


Further feeding specialization is seen in the long- 
lived Neotropical Heliconius and Laparus nymphalid 
butterflies, which feed on pollen to acquire amino acids 
and so meet their nitrogen requirement (Gilbert 1972; 
de Vries 1979; Penz and Krenn 2000). Here the but¬ 
terflies use a behavior perhaps derived from their pro¬ 
boscis-cleaning technique; they gather a small ball of 
pollen and add a drop of regurgitated nectar and/or 


saliva to it, kneading the resultant mass for some time 
(by rolling and unrolling the proboscis) before sucking 
up the fluid, now enriched with amino acids since the 
saliva is known to contain protease enzymes. Eberhard 
et al. (2007) showed that the more pollen these butter¬ 
flies ate the more eggs they produced. A few moths 
from the primitive family Micropterygidae also feed 
on pollen, using maxillary palps (fig. 14. IE) to scratch 
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Figure 14.2 (A) Tongue length of butterflies in rela¬ 
tion to their log body mass, and (B) wing area in re¬ 
lation to log body mass, for five families. (Modified 
from Corbet 2000.) 


pollen out of anthers on various open bowl flowers, par¬ 
ticularly Caltha (marsh marigold) and related forms. 

2. Sensory and Behavioral Capacities 

Visual Systems 

Lepidopterans generally have very good color vision 
with a wide spectral range of 300-700 nm, normally 
involving three (but sometimes four, five, or six) visual 
pigments, and particularly acute in the UV range. Un¬ 
like most insects, around half of the butterflies (includ¬ 
ing Heliconius, Papilio,an& Pieris) also have sensitiv¬ 
ity at the red end of the spectrum. This is probably 
lacking in moths, and the common hummingbird 
hawkmoth ( Macroglossum stellatarum ) is known to 
be red-blind (Kelber et al. 2003) with its three recep¬ 
tors responding to green, blue, and UV wavelengths. 


Butterflies tend to search visually for flowers, and 
their color preferences have been studied in some de¬ 
tail. Early work commonly found innate preferences 
for blues and purples, but it seems that color choices 
vary at specific and even intersexual levels (Weiss 
2001). Studies with some tropical Heliconius butter¬ 
flies recorded preferences for blues and oranges 
(Swihart and Swihart 1970), while swallowtails 
showed innate preference for yellow, blue, and purple 
(Weiss 1997), and the nymphalid Vanessa indica pre¬ 
ferred yellow and blue colors (which also took prece¬ 
dence over odor cues; Omura and Honda 2005). Yet 
other butterflies have an innate preference for red col¬ 
oration (Weiss 2001), although in most laboratory 
studies learned preferences are readily superimposed 
on the innate choices. Variation is obvious, so that a 
study of butterfly preferences in a mixed alpine mead¬ 
ow flora found no overall color-related patterns; two 
out of six species preferred red flowers, one strongly 
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preferred yellow flowers, and the remaining three 
showed no particular patterns (Neumayer and Spaethe 
2007). 

For the moths, color preference tests are rare, 
though an anecdotal preference for pastel shades and 
white and cream colors is fairly widely documented. 
Long-range visual searching is usually not required as 
odors are more useful in dim light. However, fully 
nocturnal genera such as Hyles and Deilephila can still 
discriminate flower colors, even at starlight intensities 
(Kelber et al. 2003). Macroglossum is unusual among 
hawkmoths in being diurnal, and when naive this 
moth has an innate preference for paler blue flowers, 
with a radial pattern and some central contrast; but it 
rapidly learns to visit almost any flower color or form 
(Kelber and Balkenius 2007). Likewise, Manduca sex¬ 
to moths have an innate preference for blue, which 
rapidly turns into a learned preference for white flow¬ 
ers with experience of natural foraging (Goyret, Pfaff 
et al. 2008). 

Olfactory Systems 

Lepidopterans mostly have good long-range olfactory 
sense, although this is less obvious in butterflies, which 
often respond to odor as an attractant only at close 
range. Naive Heliconius butterflies preferred floral 
scents ( Lantana ) to vegetative scents (Andersson and 
Dobson 2003). Naive nymphalids such as lnachis and 
Aglais preferred a typical butterfly flower odor ( Cirsi- 
um) to the odor of nonbutterfly flowers, whatever the 
color association offered (Andersson 2003), and once 
experienced they could also learn to switch their pref¬ 
erences to the most rewarding species. But in general 
butterflies’ discrimination of odors is poor relative to 
other pollinating groups. 

In contrast, olfactory discrimination is exceptional 
in some of the nocturnal moths with very large and 
plumose antennae bearing huge numbers of distance 
chemoreceptors (often in excess of 50,000), and these 
moths can often detect the pheromones emitted from 
the opposite sex at a range of several kilometers. Like¬ 
wise, they may use the strong scents of some of their 
preferred night-flowering blooms as long-range cues. 
Some may have innate odor preferences; for example, 
Manduca sphinxmoths switched from readily avail¬ 
able (bat-adapted) Agave flowers to their host plant 
Datura as soon as the latter became abundant and even 


though its flowers had much less nectar, apparently 
due to an innate preference (present in naive moths) 
for the Datura odor (Riffell et al. 2008). 

Chapter 6 mentioned common volatiles in lepi- 
dopteran flowers, and although there were distinctions 
between the three taxonomic groups covered here there 
were also some overlaps in components between but¬ 
terfly and noctuid moth flowers, and between noctuid 
and sphingid flowers. But it is noteworthy that some 
flowers pollinated by butterflies in the daytime and by 
moths nocturnally can switch their scents; for example 
the orchid Gymnadenia has a scent dominated by ben- 
zenoids in daylight but lower levels of benzyl alcohol 
and methyl eugenol at night (Huber et al. 2005). 

Lepidopterans also have good contact chemorecep- 
tion via their tongues and their feet, used in both mat¬ 
ing and host-plant finding for oviposition, but perhaps 
less involved in flower discrimination. 


Learning 

Butterflies and moths can readily achieve associative 
learning, linking shape and/or olfactory cues to other 
features of flowers such as color (Weiss 1995b), or to 
features of nearby leaves. Indeed some butterflies and 
many hawkmoths learn color- or odor-to-reward asso¬ 
ciation in just one trial (see fig. 5.10A for an example 
with Papilio). They can also reverse-leam rapidly 
when given aversion stimuli, and can learn negative 
associations (i.e., to avoid unrewarding stimuli) (Kel¬ 
ber 1996; Weiss 1997). The papilionid butterfly Battus 
philenor achieved a learned preference for unrewarded 
green colors with 96% accuracy, and for red, yellow, 
or blue with about 75% accuracy (Weiss and Papaj 
2003), and could learn a different color-sucrose reward 
association at the same time (dual conditioning). But¬ 
terflies can also readily learn an association between 
color phase and reward within a flower species that 
changes color. 

There are clear links between learning abilities and 
normal foraging experiences, especially in relation to 
day or night activity. Macroglossum moths, perhaps in 
common with other more diurnally active moth spe¬ 
cies, would learn odor cues only when the color itself 
was not attractive (Balkenius and Kelber 2006), where¬ 
as nocturnal hawkmoths such as Deilephila responded 
primarily to odor stimuli (Balkenius et al. 2006). 
Odor learning in night flyers can be very precise, with 
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Figure 14.3 L 
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Helicoverpa moths readily learning to prefer flowers 
with added phenylacetaldehyde and discriminating 
among floral bouquets with and without this single 
odor change (Cunningham et al. 2004). 

Many lepidopterans also learn associations between 
egg laying on host plants and nectar foraging at flow¬ 
ers, with one host plant serving both as fuel stop and 
nursery site. Longer-lived species may also achieve as¬ 
sociative learning for navigation purposes, allowing 
them to learn complex foraging routes; for example, 
Heliconius butterflies learned visual landmarks that al¬ 
lowed them to return each evening to the same noctur¬ 
nal roost sites and to trap-line each day between re¬ 
membered flowers (Mallet et al. 1987). 

In keeping with this behavioral sophistication, at 
least some butterflies and moths can learn to handle 
flowers more efficiently with practice. For example, 
the common cabbage butterfly Pieris rapae signifi¬ 
cantly decreased its handling time with experience 
(Kandori and Ohsaki 1996), learning to avoid nectar¬ 
less outer florets on Erigeron and go straight to the 
central, rewarding florets; they could also remember 
rewarding flower colors for at least three days. The 
checkerspot Euphydryas editha when caught already 
feeding on the “difficult” flower Arctostaphylos took 
only about 10 s per flower (fig. 14.3), whereas an 
individual caught feeding on a simpler flower took on 
average 43 s at first on Arctostaphylos, although it 
speeded up with later trials (McNeely and Singer 


2001). The same butterfly species, however, was un¬ 
able to learn and improve its efficiency for finding ovi- 
position sites. The small skipper Thymelicus flavus 
increased its handling time by on average 0.85 s per 
flower whenever it switched to a new species (Goul- 
son, Ollerton et al. 1997). Hence these butterflies 
showed a reasonably degree of floral constancy, with 
85% of visits being to the last species visited (Goul- 
son, Ollerton et al. 1997). Other butterflies and moths 
can almost certainly be similarly constant; Lewis 
(1989) reported a nearly threefold increase for pierids 
in the likelihood of a visit when the flower encoun¬ 
tered was the same species as the previously visited 
one, and Wiklund et al. (1979) reported that 90% of all 
visits by the wood white ( Leptidia sinapis) were to 
Viola and Lathyrus flowers, with the latter being the 
only flower visited once it was reasonably abundant 
(although visits were mainly illegitimate). For hawk- 
moths, Willmott and Burquez (1996) reported nothing 
but pure pollen loads for various species captured 
when visiting the convolvulaceous Merremia, where a 
single moth visit could give sufficient fertilization. 

Generally speaking, where the corolla shape is ap¬ 
propriate for visitation, butterflies prefer larger indi¬ 
vidual flowers to smaller ones. They were also record¬ 
ed showing a preference for larger displays when 
visiting inflorescences, although they then probed 
smaller proportions of the open flowers (Arroyo et al. 
2007; and see chapter 21). 


























Pollination by Butterflies and Moths • 329 


Hesperiidae Nymphalidae Lycaenidae 


100 



5 7 9 11 13151719 5 7 9 11 13151719 


Pieridae Satyridae 


100 



5 7 9 11 13151719 


Time of day 


Time of day 


Figure 14.4 Butterfly daily activity patterns on lavender (Lavandula latifolia ) for 1 7 species from 5 families, shown as 
abundance relative to the specific daily peak, and with body mass in milligrams shown for each species. (Redrawn 
from Herrera 1990.) 


Foraging Behavior 

Most butterflies are active by day, often for a particular 
part of the day related to their body size and color (see 
chapter 10); examples of their activity patterns on lav¬ 
ender are shown in figure 14.4, the patterns being es¬ 
sentially unimodal and centered on the hottest part of 
the day as expected for strictly ectothermic insects. 
They feed from flowers only after landing, walking be¬ 
tween adjacent flowers (or the florets of an inflores¬ 
cence) wherever possible. In contrast, most settling 
moths are active at dusk and into the night, mainly 
feeding from a resting position, and operating at lower 
body temperatures than butterflies. 

The hawkmoths are again primarily crepuscular 
and nocturnal, but feed mainly while hovering. Al¬ 
though they usually have a reasonably strong endo¬ 
thermic ability, hawkmoths tend to function only on 
warm evenings and in warmer climates (Herrera 1992). 
For example, on Mirabilis flowers they operated only 
above 13°C ambient temperature, so on cooler eve¬ 
nings pollen transfer was nil and the flowers selfed 
(del Rio and Burquez 1986). The temperature depen¬ 
dence of butterfly and moth pollination may account 
for observations that their foraging decreases at alti¬ 


tude (e.g., Cruden et al. 1976); although it may be 
showing a tendency to spread to both higher latitudes 
and altitudes as warming climates occur, with Macro- 
glossum now reported throughout the United King¬ 
dom, where it was formerly a southern species, and 
similar effects documented for several butterfly spe¬ 
cies in Europe and North America (chapter 29). 

3. Psychophily: Butterfly Flowers 

Butterflies must land and settle to feed and so prefer 
either relatively large solitary flowers with platforms 
to hold on to, or, more commonly, flat-topped inflores¬ 
cences (see plate 24), although their detailed prefer¬ 
ences do vary with species (Feber and Smith 1995; 
Corbet 2000). Commonly visited inflorescences com¬ 
prise either moderately sized flat-topped flowers or 
many small vertical tubular florets set side by side, 
providing a horizontal landing. Because of the effects 
of wing loading on foraging costs (see above and 
chapter 10), butterflies (especially those with relatively 
smaller wings) tend to forage on massed flowers, 
avoiding solitary flowers unless these are particularly 
rewarding (Corbet 2000). In general, their tongue 
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structure restricts butterflies to relatively dilute nectar 
sources; May (1988) recorded foraging at 11 flower 
species in Florida with 17%-40% nectar and with vol¬ 
umes ranging from below 0.03 pi to around 1 pi per 
flower. 

The butterfly flower syndrome is termed psychoph- 
ily (see also table 11.1), and this should probably also 
include the few but quite important examples of day¬ 
flying moths such as the burnet moth, Zygaena. It 
should involve the following: 

1. Massed flowers forming a flat or gently curved in¬ 
florescence, each flower having a long corolla (or 
a medium corolla tube but with a nectar spur) to 
be probed by the uncoiled tongue 

2. Stamens and style commonly somewhat protruded 
beyond the upper lip of the flower, so that pollen is 
deposited on the face or head of the visitor 

3. Petals often intensely colored and attractive; deep 
pink or blue, cream, yellow, orange, or red, and 
often with yellow center 

4. Petals without nectar guides, or with only simple 
patterning of this kind 

5. Usually a mild but pleasantly sweet scent 

6. Day flowering 

7. Offering small to medium volumes of dilute nectar 
suited to the long tongue and the relatively low en¬ 
ergetic expenditure of a foraging butterfly 

8. At least sometimes, nectar with higher than nor¬ 
mal amino acid content; it may be that tropical 
species have a higher need for amino acids in nec¬ 
tar to support their greater longevity (Beck 2007). 

Perhaps the most familiar and typical examples are 
Buddleja (often called butterfly bush) and the tropical 
genus Lantana , both these plants being widely used in 
butterfly farms. Buddlejas have an unusual scent mix 
(ocimene, oxoisophorone, and farnesene; Tholl and 
Rose 2006) that may be particularly attractive, al¬ 
though this has not really been explored, while Lan¬ 
tana scents are dominated by terpenoids (Andersson 
and Dobson 2003). Some common native plants pre¬ 
ferred by butterflies in Europe and North America are 
given in table 14.2. It is noteworthy that nearly all the 
plants mentioned are perennials, few annuals provid¬ 
ing appropriate resources; in agricultural ploughed ar¬ 
eas, only a few persistent annuals such as radish 
(Raphanus ) and mustard ( Sinapis ) are of any use to 
butterflies (Dover 1989). 


In warmer and more tropical floras, many of the 
milkweeds ( Asclepias) and the Rubiaceae serve as but¬ 
terfly plants, as do various mimosoid Fabaceae such as 
the nectar-producing species of Acacia. Red and yel¬ 
low flowers of Caesalpinia and its relatives (fig. 14.5) 
are also pollinated by butterflies, especially large pap- 
ilionids, with the pollen from the elongate anthers be¬ 
coming deposited on their wings as they flutter in front 
of the flowers (Cruden and Hermann-Parker 1979). 
Orchids visited by butterflies include the alpine spe¬ 
cies of Nigritella, with small dark reddish flowers and 
a vanilla-like scent. Pyramidal orchids ( Anacamptis 
pyramidalis) perhaps match the traditional syndrome 
of psychophily better, having dense flower heads of 
small long-spurred pink flowers; they are visited by 
various fritillaries, day-flying burnet moths, and noc¬ 
turnal noctuid moths, all of which may accumulate 
many pollinia on their tongues (but apparently without 
any nectar being present to reward them). 

Generally butterflies do not carry very much pollen 
on their bodies, but sometimes they become visibly 
heavily dusted with grains, especially about the face, 
and are then efficient pollen dispersers (e.g., Levin and 
Berube 1972; Linhart and Mendenhall 1977; Murphy 
1984; Pettersson 1991). For example, on Lavandula 
Herrera (1987) recorded various bees visiting flowers 
regularly but producing a high level of geitonogamy 
with short interflower flights; whereas butterflies vis¬ 
ited less frequently but tended to do so bearing cross¬ 
pollen, making longer flights between individual flow¬ 
er visits, and so effecting better outcrossing. In fact 
butterflies can fly substantial distances between plants 
(Waser 1982); usually only 1-10 m for temperate but¬ 
terflies, but up to 25-75 m for larger tropical species 
and with a maximum recorded at 350 m for Heliconius 
(Murawski and Gilbert 1986), although at relatively 
slow overall flight speeds of 25-30 m/h (Shreeve 
1981). Effective pollen transfer is probably highest in 
tropical butterflies, where the interplant movements 
are so much longer. However, since many butterflies 
do carry only low pollen amounts and may move only 
a meter or less between plants, a proportion of studies 
have recorded poor pollination efficiency and ascribed 
parasitic or nectar-thieving status to their studied but¬ 
terfly species (e.g., Wiklund et al. 1979; Venables and 
Barrows 1985). Some debate on these issues was pro¬ 
vided by Tepedino (1983) and Courtney and Hill 
(1983). 
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Table 14.2 

Common Butterfly Flowers in Temperate Habitats 


Single flowers 

Ragged robin 

Lychnis flos-cuculi 

Catchfly 

Silene spp. 

Wallflower 

Erysimum cheiri 

Multiple inflorescences 

Pinks and carnations 

Dianthus spp. 

Valerians 

Valeriana, Centranthus spp. 

Scabious 

Scabiosa, Knautia spp. 

Asteraceae with good landing surfaces 

Hemp agrimony 

Eupatorium cannabinum 

Fleabane 

Pulicaria dysenterica 

Knapweeds, thistles 

Centaurea, Cirsium spp. 

Coldenrod 

Solidago virgaurea 

Daisies 

Aster spp. 

Smaller labiate flowers without constricting upper lips 

Mint 

Mentha spp. 

Woundwort 

Stachys spp. 

Bugle 

Ajuga spp. 

Germander 

Teucrium spp. 

"Cornucopia generalist" flowers with particularly abundant nectar 

Bramble 

Rubus fruticosus agg 

Lime 

Tilia x europea 

Additional flowers for smaller butterflies (e.g. lycaenids) 

Forget-me-nots 

Myosotis spp. 

Also sedums, phlox, hebes, verbenas and escallonias in 
gardens. 


Figure 14.5 Butterfly-pollinated flowers in the Fa- 
baceae: (A) Caesalpinia; (B) Amherstia. (Redrawn 
from Endress 1994.) 
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Quite high levels of floral constancy have been re¬ 
corded, for example, in checkerspots (Murphy 1984) 
and in white pierids (Lewis 1986, 1989; Goulson and 
Cory 1993; Kandori and Ohsaki 1996). However, on 
some occasions these same butterflies are rather ran¬ 
dom and nonconstant in their flower-visiting behaviors 
(e.g., Ellis and Ellis-Adam 1993 with Pieris); perhaps 
in these cases a long association with horticultural 
practices where the host plant cabbages and ornamen¬ 
tal plants grow in close proximity has something to 
answer for. A substantial study over 12 years of but¬ 
terfly generalization and specialization in northeast 
Spain analyzed 100 butterfly species and showed that 
the degree of generalization in flower use was rather 
similar across a range of biotopes for a given species 
(Stefanescu and Traveset 2009). Generalization was 
more common in species with long flight periods, as 
expected, and was also commoner in butterfly species 
from open habitats as compared with forest species 
which tended to be more flower constant. However, 
neither rarity nor body size was an important deter¬ 
mining factor. 

4. Phalaenophily: General Moth Flowers 

The larger flower-visiting moths, mostly from the fam¬ 
ilies Noctuidae but also including some Geometridae 
and Pyralidae, are moderate flyers but generally can¬ 
not hover. They operate particularly at dawn and dusk, 
but can be active into the night in warm summer 
weather; otherwise, the absence of radiation from the 
sun leaves them too cold to fly. Hence they tend to in¬ 
crease in abundance and importance in warmer cli¬ 
mates. For example, there is a marked increase in their 
frequency in the south-western United States in the 
warm deserts and semiarid zones, where many can¬ 
yons also provide shelter sites. In the seasonal cerrado 
regions of Brazil, settling moths are common pollina¬ 
tors, and moths as a whole pollinate 21% of the com¬ 
mon trees (Oliveira et al. 2004). 

The general moth syndrome, phalaenophily, in¬ 
volves tubular flowers again, often with strongly dis¬ 
sected outlines that provide a preferred visual display 
(chapter 5). They show a broad range of possible col¬ 
ors but are usually in pastel shades of rather subdued 
intensity, more often at the white/cream end of the 
broader range discussed for butterflies. For example, 
of 21 moth-visited species studied in Brazil, Oliveira 


et al. (2004) found 11 white, 7 cream, and 3 yellow. 
Certainly the rather strong creams and whites in some 
of the flowers that open at very low light levels make 
them easier to discern visually. Schremmer (1941) 
noted a tendency for moths to visit pale pink and yel¬ 
low flowers in the early evening but to ignore these 
and visit only white flowers as it became darker. But 
location of flowers by moths is nearly always aided by 
strong and often particularly delicious scents, detected 
by the often massive antennae. 

The flowers tend to have the same general morphol¬ 
ogy as butterfly flowers (since the tongues to be in¬ 
serted are rather similar), commonly with 5-15 mm 
tubes and very small apertures. But moth flowers rare¬ 
ly occur as massed inflorescences, often instead pre¬ 
senting in small groups to provide some kind of land¬ 
ing site, or at least a surface that can be gripped by the 
forelegs while the moth is feeding. They provide fairly 
dilute nectar in low to moderate volumes; larger 
amounts than in butterfly flowers on average, reflect¬ 
ing the larger body sizes and the cooler conditions in 
which the animals operate. Their longevities are vari¬ 
able, mostly 1-3 days but sometimes considerably 
longer in temperate and cold-habitat species. 

Common choices in Europe are campions and 
catchflies ( Silene ), pinks ( Dianthus ), soapwort (5a- 
ponaria), and Phlox, most of these being low-growing 
plants in accordance with many moths’ tendencies to 
fly low, close to foliage. Thus on spikes of the orchid 
Platanthera (Inoue 1986) noctuid moths were more 
likely to visit shorter spikes and pick the flowers on 
their lower regions, visiting them systematically 
(whereas sphingid moths preferred large spikes and 
visited more sporadically). Honeysuckle ( Lonicera ) 
and jimsonweed ( Datura) are also classic moth flow¬ 
ers, their horizontal or pendant flowers usually being 
gripped by the forelegs (whereas hawkmoths, which 
also frequent these plants, tend to hover at the flow¬ 
ers). Four-o’-clock plants ( Mirabilis ) that open in late 
afternoon are also frequented in the wild in the United 
States and in many European gardens, and the same is 
true of Gaura and Calliandrci flowers. 

In the tropics, typical moth flowers include many 
from the family Rubiaceae, and some from Apocyn- 
aceae, Fabaceae, and Solanaceae. Quite a number of 
these are plants much favored as scented ornamental 
plants for conservatories in more temperate climes— 
Jasminum and Gardenia for example. It is rather com¬ 
mon to be able to predict moth pollination a priori with 
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plants whose visitors have not been recorded; for ex¬ 
ample, Struthiola ciliata in southern Africa has creamy 
white elongate (-20 mm) corollas, opening around 
1800 h and emitting a strong sweet scent, with 0.02- 
0.2 pi of 20%-34% nectar, and it did indeed turn out to 
be visited exclusively by two species of noctuid moth 
(Makholela and Manning 2006). 

Clearly there is some overlap between butterfly and 
moth flowers, and it is fairly common for such flowers 
to be visited by butterflies in daylight and then by 
moths at dusk. Moth flowers also overlap with sphin- 
gid flowers covered in the next section. In some cases, 
evidence for the relative effectiveness of each has been 
gathered: 

1. We met the example of Asclepias syriacus in 
chapter 11, where nocturnal moths were more 
effective per visit, but diurnal visitors (mainly 
bumblebees) were more abundant and therefore 
more effective overall (Bertin and Willson 1980; 
Jennersten and Morse 1991) 

2. Saponaria is visited both by Autographa moths 
and by sphingid hawkmoths, the latter producing 
markedly higher seed set (Wolff et al. 2006) 

3. Miyake and Yahara (1999) suggested that on hon¬ 
eysuckle (Lonicera) the nocturnal hawkmoth pol¬ 
linators removed rather little pollen per visit but 
still showed significantly greater pollen deposition 
efficiency than the later diurnal visitors (here 
mostly long-tongued bees) 

However, some flowers that might be used by both 
nocturnal moths and later diurnal butterflies or bees 
have ways of avoiding what for them are the less desir¬ 
able visitors. For example, some Silene species can 
roll up their petals during the day, so appearing with¬ 
ered and unattractive, but unroll them again in the eve¬ 
ning when moths are active, maturing two separate 
sets of stamens on nights 1 and 2, and then the styles 
on night 3 (Kephart et al. 2006). 

Orchids pollinated by noctuids are not uncommon. 
Gymnadenia has smallish pink flowers that are fra¬ 
grant, and unusual among orchids in producing copi¬ 
ous nectar. The so-called butterfly orchids in the genus 
Platanthera with narrow-petaled and strongly fragrant 
white flowers are in fact mainly visited by noctuids, 
although some hawkmoths also visit in the colder more 
northerly parts of Europe (Nilsson 1983a). 

Having described the normal patterns of phalaeno- 
phily, it is only fair to record some exceptions. Most 


notably, many smaller moths with shorter tongues 
should probably be regarded as closer to being gener¬ 
alist, since they will commonly visit quite open flow¬ 
ers such as buttercups, brambles, and even willow cat¬ 
kins. At the other extreme, there are two moths that 
have particularly specialist interactions with flowers, 
in the form of active pollination; these extraordinary 
cases, involving yucca moths and senita moths, are 
covered in chapter 26. 

5. Sphingophily: Hawkmoth Flowers 

Sphingids are distinguished from other moths in sev¬ 
eral ways. They have very strong forward flight, with a 
fast wing beat. They commonly feed at flowers while 
hovering, without gripping the flowers with their legs 
(although some will reduce the costs of hovering by 
resting the front legs on a flower; Heinrich 1983a). 
Wasserthal (1993) showed that some use a particular 
technique called “swing-hovering” when feeding at 
corollas shorter than their own tongues, where their 
body is positioned some distance away from the flower 
and can sway from side to side while the tongue stays 
in place within the flower, this perhaps being an anti¬ 
predator adaptation (avoiding or confusing the spiders 
and mantids that may lie in wait in the flower; see 
chapter 24). Sprayberry and Daniel (2007) reported 
rather precise tracking between a hovering sphingid 
and the movements of the flowers they fed at (whether 
caused by winds or by the moths own wing beats), al¬ 
lowing the moths to continue to feed efficiently. 

Compared with butterflies and settling moths, sph¬ 
ingids often have exceptionally long tongues (see table 
14.1), and tongue lengths correlate well with wing 
lengths (e.g., Bullock and Pescador 1983). They have 
stout bodies, weighing from about 100 mg (similar to 
a honeybee) up to 6.5 g (about three times the familiar 
large bees such as some Bombus queens). Their bodies 
are often decidedly furry, providing the good insula¬ 
tion that is an essential accompaniment to endothermy. 
Hawkmoth metabolic rates are high compared with 
other insects (see table 10.3). For an animal of this 
size, the metabolic cost of endothermic warm-up is 
relatively insignificant but the costs of hovering are 
high (see chapter 10 and table 10.3). A medium-sized 
hawkmoth should require about 1.3 mg of sugar 
per minute to support hovering and would normally 
need to visit many flowers per minute to provide this. 
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Figure 14.6 Hawkmoth tongue lengths and 
associated corolla lengths in the flowers they 
visit in Costa Rican dry forest (showing a 
good match, though with some long tongues 
used in shorter flowers); and tongue lengths 
from a Madagascan sphingid community, 
showing a similar range. "Size classes" are at 
intervals of 1.5 cm. (Redrawn from Agosta 
and Janzen 2005.) 


However, the nectar from just a single large hawkmoth 
orchid (such as the Madagascan angraecoid orchids; 
see below) would provide enough energy for at least a 
minute of hovering (Nilsson et al. 1985). 

Usually sphingids will hover for only a second or 
two in front of, or above, or below, their selected flow¬ 
er, with only the tongue inserted. The flowers are there¬ 
fore generally quite large, with long or very long tubu¬ 
lar corollas (not uncommonly 40-100 mm) with rather 
larger apertures than in settling moth flowers, and they 
are arranged singly rather than bunched. They may be 
erect or horizontal or pendant, and here different hawk- 
moths have particular preferences, also varying with 
flower shape. For example, flower orientation in Aqui- 
legia dramatically affected hawkmoth visitation: ma¬ 
nipulation of the upright flowers of A. pubescens to be 
pendant, so resembling those of A. formosa (the two 
species occurring together in a hybrid zone in Califor¬ 
nia) resulted in hawkmoths visiting the upright flowers 
at more than ten times the frequency with which they 
visited the pendant flowers (Fulton and Hodges 1999). 

Vogel (1954) reported that sphingid flowers com¬ 
monly have a star-shaped radially symmetrical appear¬ 
ance as the insect approaches, and a narrower corolla 
than similarly sized flowers visited by day-flying but¬ 
terflies; both of these features could be seen as aids to 
initial location and then proper tongue insertion in 
low-light conditions. When species of Mandevilla 
(Apocynaceae), which has a specific triggering mech¬ 
anism for pollination, were visited. More et al. (2007) 
showed that both tongue length and effective tongue 
width of sphingids were important in constraining 


visitation and thus bringing about specialized interac¬ 
tions on flower species with different corolla lengths. 
Likewise, in Costa Rican hawkmoths there was a 
strong positive correlation between body size and 
tongue length, and between both of these and flower 
corolla depths (fig. 14.6) in the flowers visited (Agosta 
and Janzen 2005). 

However, some hawkmoths will avoid expensive 
hovering at narrow tubular flowers when possible and 
may for example land on and clamber inside some 
large trumpet-shaped flowers, such as amaryllids, 
Datura, and some Convolvulus. Or they may land on 
the blossom top when working at inflorescences with 
brush-type corollas much shorter than their own 
tongues, such as Capparis or Cleome. When they do 
visit brush blossoms (like the Albizia species and aca¬ 
cias, plate 8A,B,E) they may show more specificity 
than has previously been supposed; for example, on 
Caesalpinia gilliesii, with long brush-type flowers, 
moths of four different tongue lengths occurred but 
only the species with long tongues (~55 mm) were re¬ 
ally good pollen carriers, the short- and medium- 
tongued species foraging from below and not touching 
anthers, and the very-long-tongued species hovering 
where they were out of reach of the anthers (More 
et al. 2006). 

Most of the sphingid flowers are dusk or even night 
flowering and tend to be intensely white or cream in 
color. Their scent is a very strong trigger of feeding 
behavior and will on its own elicit endothermic warm¬ 
up in preparation for foraging activity (Brantjes 1973). 
Many sphingid flowers are much more strongly scent- 
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ed than butterfly or settling moth flowers—for exam¬ 
ple, honeysuckle species ( Lonicera ), tobacco plant 
(Nicotiana ), oleander ( Nerium ), four o’clock plants 
( Mirabilis ), Pittosporum, Stephanotis, and Plumeria — 
with scent being the major attractant from a distance 
although relatively unimportant once the moth is close 
to a flower. Lonicera japonica can be visited in the day 
by bees, but as noted above the nocturnal hawkmoth 
visitors move pollen longer distances between flowers, 
so it pays the flowers to open initially at dusk (Miyake 
and Yahara 1998) and to produce their strong linalool- 
dominated scent in the early night hours (Miyake et al. 
1998). 

Typically, hawkmoth flowers also have more copi¬ 
ous nectar than other lepidopteran flowers, supporting 
the larger and endothermic body of the visitor; al¬ 
though the nectar is still usually dilute in order to flow 
easily through the thin proboscis. But in some of the 
shorter flowers from which the hawkmoths feed, the 
nectar can be moderately concentrated; and Wolff et 
al. (2006) reported higher seed set on Saponaria flow¬ 
ers that had been doctored with abnormally concen¬ 
trated nectar, suggesting that the moths preferred this 
when it was on offer (see chapter 8). 

Hawkmoths can carry large pollen loads on their 
copious insulating scales and may move up to 3-400 
m between the plants visited. They are also less likely 
to visit many flowers on the same plant than some 
other groups; for example, on Ipomopsis aggregata 
they visited 4.7 flowers per plant, where humming¬ 
birds visited 7.4 (Waser and Price 1983). Good flower 
constancy has been recorded (Knoll 1922); and hawk¬ 
moths will become odor constant quite readily and re¬ 
tain this learned preference until at least the next day 
(Brantjes 1973). Thus they have both physical and be¬ 
havioral attributes that enhance their effectiveness as 
pollinators. 

In certain habitats hawkmoths become a really sub¬ 
stantial component of the pollinator fauna. They are 
especially important as flower visitors in regions where 
dusk temperatures are higher, hence their abundance 
in many Mediterranean-type and savanna habitats (see 
chapter 27); some will fly by day in such regions and 
may then visit a range of more typically butterfly flow¬ 
ers. They are also abundant in the moist tropics where 
guilds of at least 100 species can occur, visiting 30 or 
more sphingophilous plants. But perhaps the most fa¬ 
mous case of locally enhanced importance is the large 
and isolated island of Madagascar, where a relatively 
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Liliaceae. Approximately to scale, and (A 
Redrawn from Endress 1994.) 


primitive group of hawkmoths have established some 
highly specialist relationships with many very long tu¬ 
bular flowers (plate 25 shows two examples), espe¬ 
cially a range of angraecoid orchids (Nilsson et al. 
1985, 1987). Figure 14.7 shows some of these. 

The most famous example is Angraecum sesquipe- 
dale, a large white orchid with a nectar spur measured 
by Darwin (1862) at 11.5 inches (290 mm). Any visi¬ 
tor, he predicted, would require a tongue just a little 
shorter than this to effect pollination, and forty years 
later Madagascan hawkmoths ( Xanthopan morgani ) 
with tongues 200—250 mm in length were indeed dis¬ 
covered (and later still a further species, Coelonia so- 
lani, of comparable tongue length was also found on 
the island). Several other long-spurred angraecoid or¬ 
chids are pollinated by the relatively common hawk¬ 
moth Panogena lingens with a tongue of about 120 
mm, in each case placing their pollinia in slightly 
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different places on the proboscis and face (Nilsson et 
al. 1987). These are long-standing and unusually spe¬ 
cialized interactions, and although they are asymmet¬ 
rical (the moths often visiting a range of flowers, in¬ 
cluding those with shorter corollas where they need 
not insert the whole tongue), it is perhaps no coinci¬ 
dence that they have arisen in a very isolated and stable 
tropical habitat, where many other unusual species 
have evolved. 


6. Overview 

How good are lepidopterans as pollinators? A fair an¬ 
swer here would be that butterflies and moths are rea¬ 
sonably effective as flower pollinators, with some 
more specialist and probably more effective examples 
among the larger and partially endothermic sphingid 
species. The lepidopterans have moderate to good 
flower constancy and moderate levels of specificity in 


flower choice, dictated mainly by the characteristics of 
their tongues. With butterflies, for example, Bloch et 
al. (2006) found that five different species visiting Di- 
anthus flowers were all reasonably specialist, and all 
had different effectiveness, only two of the species be¬ 
ing of major importance. 

For most lepidopteran species the flight strength 
and range are not high, however, so that pollen move¬ 
ment may be less than ideal. In fact, in terms of pollen 
dispersal, the lepidopterans probably act as two com¬ 
partment pollen carriers (see chapter 7; Harder and 
Barrett 1996). This is because, after feeding, when the 
tongue is coiled up, pollen tends to get redistributed, 
so that only a proportion remains available for deposi¬ 
tion on stigmas (Levin and Berube 1972). Pollen car¬ 
ryover is therefore not a process of simple sequential 
decay from flower to flower. However, levels of pollen 
deposition in single flowers can be quite high, espe¬ 
cially (again) for sphingids on their preferred flowers 
such as Lonicera, Datura, and some mimosoids. 


Chapter 15 

POLLINATION BY BIRDS 


Outline 

1. Feeding Apparatus 

2. Sensory Capacity 

3. Behavior and Learning Capabilities 

4. Bird Flowers and Ornithophily 

5. Overview 


Bird pollination or ornithophily is a widespread phe¬ 
nomenon, underappreciated in early literature as it is 
absent in Europe; but it is familiar through much of the 
United States and as far north as Alaska and occurs 
throughout the tropics, in the eastern Mediterranean 
and Middle East (although not in the more northern 
parts of Asia), as well as in most of Australasia and 
Africa. Flower-visiting birds are also surprisingly 
widespread taxonomically, the habit being recorded in 
at least 50 families, although many of these are only 
occasional visitors and do more damage to flowers 
than they do good in transferring pollen. Many com¬ 
mon birds do visit flowers by biting through or piercing 
their corollas, notably tits and warblers. As table 15.1 
shows, there are perhaps only ten separate groups that 
have developed flower-visiting behavior to the point 
that they have become significant pollinators for at 
least some flowers. Together these ten families make 
up about 10% of all birds. 

Primarily birds take nectar from flowers, although 
some may also eat pollen and occasionally take solid 
floral tissues. Nearly all bird-pollinated plants produce 
copious nectar that is dilute and sometimes rather 
slimy in character. It is remarkably consistent in con¬ 
centration within a plant species, and across all species 
shows a range normally between 15% and 30% sugar. 


remarkably often averaging around 20% (see chapter 
8). In some species the nectar is so abundant that it 
drips from the flowers or can be shaken out in showers 
from a tree (e.g., Erythrina, Grevillea ) or drunk by a 
human from a flower (e.g., some Banksia in Austra¬ 
lia). These nectar characteristics match birds’ require¬ 
ments for low-viscosity fluid that can be rapidly drawn 
up by the tongue and yet for large caloric rewards to 
offset the very high costs of flight and of endothermy 
(chapter 10). 

All flower-visiting birds also require other food 
sources, and most get their protein (nitrogenous) input 
from elsewhere, mainly by eating insects. Possibly 
they were led to exploit nectar from flowers while 
searching around those flowers for the many insects 
that visit them. Modern nectarivorous birds appear to 
have a lower nitrogen requirement than omnivorous 
birds anyway, reducing their reliance on other foods, 
although it is not yet fully known how they conserve 
their nitrogen supply (Tsahar 2006). 

Although ornithophily is usually listed as just one 
syndrome (as in table 11.1), in practice it is helpful to 
divide the flower-visiting birds into two categories and 
thus (in section 4, Bird Flowers and Ornithophily) to 
recognize two somewhat different floral syndromes. 

Hummingbirds 

Hummingbirds constitute the family Trochilidae from 
the New World tropics, and the syndrome associated 
with them is sometimes termed trochilophily. They 
evolved in South America and colonized North Amer¬ 
ica later, probably around the mid-Tertiary (Grant 
1994). Some species extend far up into the United 
States and even Canada, but these are all migratory, 
their movements closely following the flowering peri- 
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Table 15.1 

Bird Families Involved in Pollination 


Family 

Common names 

No. of 

flower-visiting 

species 

Distribution 

Main plants 
visited 

Trochilidae 

Hummingbirds 

300-350 

Neotropics, parts of 

Very varied 




North America 


Nectariniidae 

{ Sunbirds 

{-110 

Africa, southwest Asia 

Very varied 


{ Flower-peckers 

{ 

Australasia, southeast Asia 


Promeropidae 

Sugarbirds 

2 

Southern Africa 

Proteaceae 

Meliphagidae 

Honeyeaters, spinebills. 

160-180 

Australasia 

Varied, including 


bellbirds 



Proteaceae 

Zosteropidae 

White-eyes 

-90 

All southern continents 

Varied, including 





mistletoes 

Psitaccidae 

Brushtongued lorikeets 

60-70 

Australasia, southeast Asia 

Eucalyptus 


(parrots) 




Fringillidae 

Hawaiian honeycreepers 

23 

Hawaii 

Tree lobelias 

Dicaeidae 

Flower-peckers 

55-60 

Australasia, southern Asia 

Mistletoes 

Thraupidae 

Honeycreepers 

15 

Neotropics and Hawaii 



Bananaquit 

1 

North and South America 


Icteridae 

Orioles, caciques 

90* 

North and South America 

Varied 


Source: Modified from Stiles 1981; Proctor et al. 1996. 
* Only a few of these are flower-visitors. 


ods of their favored plant species (Grant and Grant 
1968), so that they move south at breeding time and 
then return northward (or to higher altitudes) after 
breeding. These more northern populations may re¬ 
quire particularly large nectar supplies from their flow¬ 
ers, as they expend more energy in keeping their body 
temperature high and in warming up substantial vol¬ 
umes of cold nectar as it enters their digestive system 
(chapter 10). 

Hummingbirds are most abundant in the north and 
west of South America, although they have been most 
intensively studied in Costa Rica and California. They 
are mostly very small birds, commonly from 3 to 10 g 
in body weight and from 5 to 20 cm in body length but 
with at least half this length often comprised of beak 
and tail. 


Perching Birds 

This category includes all the bird groups shown in 
table 15.1 other than the hummingbirds. None of these 


other taxa can hover efficiently, so they must perch to 
feed (although some sunbirds do in practice hover ef¬ 
fectively for up to 30 s when visiting alien New World 
species introduced into their habitats: Geerts and Pauw 
2009). The pollinating perching birds come from a 
range of families from various parts of the Old World 
tropics but also include rare examples (honeycreep- 
ers, bananaquits (plate 27H)) from the New World. 
The most important and abundant examples are the 
sunbirds of Africa (e.g., Nectarinia, Cynniris ) and of 
southern Asia (e.g Arachnothera, an unusual example 
in being very long beaked). The Australasian honey- 
eaters and wattlebirds (Meliphagidae) are important 
pollinators of some of the key shrubby families in Aus¬ 
tralia (including many Banksia and Protea species, 
27D), and are represented by 67 species, many of 
which are strongly dependent on nectar and often 
move seasonally between flowering species and across 
flowering areas (Paton and Ford 1983). This continent 
also has the greatest range of other bird flower feeders, 
with chats, wood swallows, tree creepers, bower birds, 
and butcher birds also recorded as pollen or nectar 
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Figure 15.1 A 

Lunau 2004.) 


R 
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Figure 15.2 Beak and tongue structure in hum¬ 
mingbirds: (A) bones and cartilage linked to the 
tongue, from above, with transverse sections of 
tongue shown at different sites; (B) transverse 
section of overlapping upper and lower beak, with 
tongue in situ, and cartilage shown stippled. 
(Modifed from Proctor et al. 1996, based on earlier 
sources.) 




feeders (well over 100 Australasian species being in¬ 
volved in total). In New Zealand, bellbirds ( Anthornis ) 
are particularly important as pollinators. 

These perching birds are usually a little larger in 
body size than hummingbirds, although most are still 
among the smaller bird types (sunbirds 5-17 g, white- 
eyes about 11 g, honeyeaters usually 10-20 g); only 
the Australasian groups seem to get larger, with some 
wattlebirds weighing in at over 100 g. 

1. Feeding Apparatus 

Hummingbirds 

Hummingbirds have very varied beak lengths often 
closely matched to the length of the corollas that they 
visit (although they may also fly right in to some larger 
trumpet-shaped flowers). Longer beaks probably give 
access to a wider range of flowers (Bleiweiss 1999; 
Temeles and Kress 2003). Most have straight and very 
thin beaks, but some (notably the hermit humming¬ 


birds) show beak curvature, generally downward but 
occasionally slightly upward (fig. 15.1); again, this 
may match the shape of preferred flowers. However, 
the North American species are of rather uniform beak 
length and shape, so that in this region there is limited 
specialization of particular flowers to particular spe¬ 
cies; in more southerly countries beaks are much more 
varied and the flowers visited are also less uniform in 
shape, size, and even color. 

The hummingbird beak itself is unusual among 
birds in that the upper and lower mandibles overlap 
very considerably laterally, forming a tube (fig. 15.2), 
and when the bird is feeding the long tongue works 
rapidly in and out within this tube. The tongue itself is 
deeply forked, each half folding up lengthways to form 
a double tube, in which nectar probably rises mainly 
by capillarity aided by lapping (Kingsolver and Daniel 
1983); suction has only a minor role when the tongue 
is withdrawn back into the mouth and nectar is 
squeezed off it. The tip of each tongue tube is usually 
decidedly frayed in appearance, giving a brush effect 
that may aid initial capillary uptake. Heyneman (1983) 
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predicted optimal feeding rates with nectar at around 
22%-26% concentration, although this may vary up¬ 
ward a little, perhaps even to 40%-45%, when flower 
handling costs and the unloading phase (from tongue 
to mouth) are added in (table 8.4; Kingsolver and Dan¬ 
iel 1983; Gass and Roberts 1992). 

Some hummingbird beaks have markedly serrated 
edges; this appears to be most developed in the short¬ 
er-beaked species that are often nectar thieves (Ornelas 
1994). 

Perching Birds 

Here, across a wide range of families, beak lengths are 
commonly 10-20 mm, with little or no curvature. 
However, there are convergences across all these 
groups, and also across to the hummingbirds, in beak 
and tongue characters. Sunbirds parallel the trochilids 
very closely in their range of short and long, curved 
and straight beaks, and show a similar level of match¬ 
ing of preferred flower lengths to beak lengths. The 
South American swordbill, Ensifera, has a beak about 
100 mm long, longer than its own body. The large 
honeyeaters of Australasia have more conventional 
beaks but share with the sunbirds a convergence on 
bifurcated, longitudinally folded, and brush-tipped 
tongues, which can extend 10—40 mm beyond the beak 
and flicks in and out at high frequency. The exception 
to these recurring patterns comes with the lorikeets, 
which have typical if rather blunted parrot-style beaks 
and short tongues, and feed extensively on pollen, 
mostly from Eucalyptus flowers. 

The genera Diglossa and Diglossopis (tanagers 
known as flower piercers) are unusual in being flower- 
visiting specialists but with specializations for cheat¬ 
ing, as their name suggests. The sharp beak bears a 
downward-curved hook which pierces the sides of co¬ 
rollas to gain access to nectar, and these birds are re¬ 
sponsible indirectly for a great deal of secondary theft 
by subsequent visitors of all kinds (see chapter 23). 
Sympatric species often coexist, each with different 
hook sizes (Mauck and Burns 2009). 

2. Sensory Capacities 

Here we can deal with all the flower-visiting birds to¬ 
gether, as the sensory systems of trochilids and of 
perching birds show little or no differentiation. 


Birds have good color vision and excellent visual 
discrimination of color and form. They most often 
have a tetrachromatic system (see chapter 5), with four 
types of cones having peak sensitivities around 550 
nm (LW), 500 nm (MW), 445 nm (SW), and either 
410 nm (VS, very short) or 365 nm (ES, extremely 
short). They also have oil droplets that filter and nar¬ 
row the waveband response of each cone, probably 
also improving color constancy. The VS and ES recep¬ 
tors should detect UV radiation, and Huth and Bur- 
khardt (1972) specifically demonstrated UV sensitivity 
in hummingbirds, although UV patterns appear to be 
rather rare in typical red-colored hummingbird flowers 
(see Lunau and Maier 1995). 

The apparent preference for red flowers is not 
“real,” as discussed in chapter 5; it arises not from un¬ 
usual red sensitivity of the birds’ eyes, or from an in¬ 
nate bird preference for red, but from learned associa¬ 
tions of high nectar rewards and fast handling speed 
with red flowers that are unvisited by other groups and 
therefore unusually rewarding. Hence birds will learn 
to visit any color equally well in an experimental situ¬ 
ation. It may be that red is used by bird flowers specifi¬ 
cally because it is the least likely color to attract bees, 
but even that is an oversimplification as bee choices 
also depend strongly on contrast (chapters 5 and 18). 
It is certainly true that in many communities virtually 
all hummingbird-preferred and hummingbird-adapted 
flowers are red; for example, in California at least 17 
plant families produce tubular red flowers with high- 
volume and low-concentration nectar, and with little 
scent. But here it is likely that strong convergent evolu¬ 
tion has occurred (and perhaps a degree of mimicry, 
with red flowers forming mimicry rings that offer easily 
located resources for birds in any one habitat through¬ 
out the year). 

Clear evidence for a red flower association comes 
from the multidimensional study of Penstemon spe¬ 
cies by Wilson et al. (2004, 2006), where red color 
was the single best predictor of hummingbird visita¬ 
tion. Within this genus, species attracting birds (rather 
than bees) shifted from blue/violet colors to pink/ma¬ 
genta colors, and shifting to red/orange additionally 
deterred bees. 

In comparison with other vertebrates, birds are re¬ 
ported to have very good acuity (the ability to resolve 
very small objects visually); but they have rather poor 
spatial contrast sensitivity (Ghim and Hodos 2006), 
perhaps a necessary trade-off for the excellent acuity, 
UV detection, and color vision. 
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Most birds have rather small olfactory bulbs at the 
front of the brain and poor odor discrimination. Unlike 
other terrestrial vertebrates they rely very little on 
chemical signals (pheromones) for intraspecific com¬ 
munication (although some colonial nesters can read¬ 
ily detect self- and nest odors), and they forage mainly 
by using acoustic and/or visual signals. Hence the lack 
of strong (or in many cases of any) scent in flowers 
that seem adapted for bird visitation (chapter 6) is en¬ 
tirely to be expected. 

3. Behavior and Learning Capacities 

Hummingbird Foraging Behaviors 

The hummingbirds are incredibly agile fliers, includ¬ 
ing the abilities to fly backward and to hover, so they 
have no need to perch while feeding and can visit flow¬ 
ers of any orientation or placement on a plant. Some 
flowers (e.g., certain Heliconia species) force them to 
visit with their heads almost upside down, with a more 
than 90° twisting of the neck. Aizen (2003a) recorded 
higher proportions of down-facing flowers in bird 
flowers than in insect flowers, perhaps because birds 
still pollinate during rain and the nectar must be pro¬ 
tected from flooding. Varied flower architectures and 
consequent bird behaviors ensure that pollen is placed 
in specific locations on the beak, face, head, or back of 
these birds, and thus potentially correctly transferred 
only to the right species at subsequent visits. 

Coupled with their agility, hummingbirds can show 
considerable flight speeds and fast flower handling 
times and may visit hundreds or even thousands of 
flowers in one day. Given that continuous flight to seek 
out flowers, and especially hovering while feeding at 
them, are energetically expensive (chapter 10 and table 
10.3), these very high rates of visitation are essential 
to support both the flying style and the endothermic 
physiology. Activity costs for Brazilian hummingbirds 
were calculated at up to 30 kJ per day (Mendonca and 
dos Anjos 2006), directly fueled by the newly ingested 
sugars (Welch et al. 2006). However, the length of 
their foraging day may be curtailed by physiological 
constraints. They are in many cases so small, with 
such high surface area to volume (SA/V) ratios, that 
maintaining their body temperature ( T b ) at the normal 
avian levels of 38-42 °C throughout a 24 h cycle is 
extremely expensive. Many therefore allow their T b to 
drop markedly at night (i.e., they are temporal hetero¬ 


therms rather than complete endotherms); for several 
hours in each daily cycle they are effectively torpid, 
with a T b regulated at a much lower value (often only 
20-25 °C), and with no flower-visiting activity possi¬ 
ble. They tread a delicate tightrope, requiring intensive 
flower visits in the daylight hours to support their high 
energy demand and then keep them “ticking over” 
through the night-time torpidity. This perhaps explains 
why they appear to forage as net rate maximizers 
(Houston and Krakauer 1993), rather than being con¬ 
cerned with risk or variance of the nectar sources (see 
chapter 10). 

Learning in Hummingbirds 

Hummingbirds very easily learn to feed at artificial 
sugar sources, even when these lack any of the typical 
floral cues. This makes it easy to work with them and 
to test preferences. Most studies have indicated a lack 
of innate preferences for particular colors, in accor¬ 
dance with the previous discussion. Individual birds 
may exhibit rather different flower preferences within 
a particular habitat, again indicating that temporary 
preferences are learned and not innate. Such prefer¬ 
ences can also be modified by conditioning, especially 
in relation to reward quality; and the birds learn very 
quickly that red flowers are usually unvisited by other 
animals and thus full of appropriate nectar. 

Healy and Hurly (2001) reviewed much of the work 
to date on hummingbird memory and learning tasks, 
pointing out that simple rules and patterns proposed in 
earlier work (e.g., Pyke 1978, 1981) are not particu¬ 
larly helpful as the birds show flexible behaviors 
strongly influenced by their experience and learning. 
Experimentally, it is much easier to teach humming¬ 
birds “shift” tasks than “stay” tasks, which is in ac¬ 
cordance with their normal habit of emptying a flower 
at one visit and then moving on (although they can 
learn stay tasks, as they effectively do when working 
at commercial feeders). They appear to have good 
memory for locations, so can remember point loca¬ 
tions of flowers. When trained on artificial flower ar¬ 
rays they can learn specific spatial information fairly 
readily, remembering complex distributions of full and 
empty flowers, especially if these are laid out in clear 
patterns. They can also remember previous contents 
of individual flowers to some extent, so will avoid 
water-filled flowers and in test conditions will choose 
nectar-filled ones that were visited but not completely 


342 • Chapter 15 


depleted. They even appear to be able to remember 
morph-specific (long-style versus short-style) differ¬ 
ences in daily schedules of nectar production in Pali- 
courea (Ornelas et al. 2004). 

Since hummingbird flowers normally dispense 
quite large nectar volumes, but of dilute fluid, each of¬ 
fers just a few milligrams of sugar; and since they ap¬ 
pear to refill only slowly, the birds need to visit a great 
many flowers each day, but should avoid sampling pre¬ 
viously visited flowers. With some preferred flower 
species having relatively transparent corolla walls, the 
birds may be able to detect empty flowers by visual 
cues at a distance, but with many plants this is impos¬ 
sible, so they could in theory adopt one of two options 
or rules to avoid resampling empty flowers: 

1. where plants are clumped, always move to new 
flowers in the patch based on immediate experi¬ 
ence; or 

2. where flowers are more dispersed, remember indi¬ 
vidual locations of flowers and trap-line between 
them. 

There is little or no evidence that hummingbirds do 
have simple movement rules in quite the way that 
many bees do. For example Pyke (1978), Waser and 
Price (1983) and other authors noted that humming¬ 
birds do not consistently work either up or down a 
spike of flowers, and they show no consistent direc¬ 
tional movements either. Waser and Price also record¬ 
ed visits to more flowers per plant than for other visitor 
types; on Delphinium nelsonii hummingbirds visited a 
mean of 2.5 flowers per plant (mean for bumblebees is 
1.5), and on Ipomopsis they visited a mean of 7.4 flow¬ 
ers per plant (hawkmoths 4.7). However, in both cases, 
the birds made less frequent flights between very-near- 
neighbor plants. 

Overall, they appear to choose flowers just by their 
proximity and their size, visiting the nearest flower so 
long as rewards are good, but flying further away (in a 
random direction) as soon as the last flower visited 
gives a poor reward. Learning is based mainly on spa¬ 
tial locations, with color or pattern visual cues of flow¬ 
ers less important. In fact Sutherland and Gass (1995) 
found that their decisions on revisitation are made 
above the level of the flower, and probably above the 
level of individual plants, but rather on a broader spa¬ 
tial scale. 

In accordance with their good spatial learning, ter¬ 
ritoriality around feeding sites is common, especially 


among male hummingbirds. Single males may defend 
hundreds or even thousands of flowers, returning to 
the same patch each day; they tend to feed at the edges 
of their territory early in the day and then move inward 
later on. This again implies reasonable spatial recall of 
where they have already fed, by remembering their 
own movements, or patches of flowers within the area, 
or even specific flowers (Healy and Hurly 2001). The 
first of these is the likely main mechanism, since it is 
matched by skills shown by the same birds in their 
known lekking behaviors and in trap-lining behaviors. 
But there may also be contributions from the second 
type of spatial recall, in view of the Sutherland and 
Gass data mentioned above, although it is currently 
unclear whether this is by vector sequences (perhaps 
unlikely given the lack of consistent movement pat¬ 
terns) or by using landmarks. 

Territorial behavior, especially when conducted 
around just one tree or part of a tree as often happens, 
must impose serious limitations on outcrossing for the 
plant. Fortunately, perhaps, territories are not held for 
long (compared with those of passerine birds, for ex¬ 
ample) and only occur in a proportion of the hum¬ 
mingbirds. Territoriality is rare or absent in the hermit 
hummingbirds (the subfamily with particularly curved 
beaks) but relatively common in the much showier 
(exhibitionist) and usually straight-beaked nonhermits. 
For these reasons the hummingbirds have been further 
subdivided into four feeding groups on the basis of 
size, beak, and behavior (Stiles 1981): 

1. The hermits have curved beaks, are relatively 
drab, live at low levels within the shade of forests, do 
not hold territories, and are coadapted in beak length 
and curvature with the flowers they prefer to visit, 
which tend to be herbaceous. 

2. The largest nonhermit exhibitionist species have 
some beak curvature and tend to visit only flowers that 
are obviously hummingbird adapted, again showing a 
good match of beak length to corolla length. They feed 
at large red flowers on both herbs and trees, out in 
the open rather than in shade, and are commonly 
territorial. 

3. Medium-sized exhibitionists have straight beaks 
and tend to visit smaller flowers, often pink or white in 
color as well as red, many of these being more typical 
insect-visited flowers, although they visit more of the 
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classical bird flowers when nectar levels are high in 
the morning, and may then be territorial. 

4. The smallest exhibitionists have very short beaks 
and do much of their visiting illegally, piercing flower 
bases. 

In Central America there is a particular group of 
plants, in the genus Heliconia (plate 26E), that pro¬ 
vides a range of flower sizes and growth habits, and 
which has proved particularly useful for investigating 
hummingbird behaviors, following pioneering works 
by Linhart (1973) and Stiles (1975). Some species 
grow in shady sites within forests, having small plants 
with few flowers, while others colonize margins and 
river banks and can produce large stands of hundreds 
of flowers. The first group are visited by hermits, the 
second group by exhibitionist territory holders. Using 
powdered dyes to mimic pollen movements, Linhart 
showed that the forest species received fewer visits but 
their pollen moved over longer distances, supporting 
the idea that visitor territoriality would not be very 
helpful to these plants. Stiles additionally showed that 
the forest species had lower nectar energy output, 
while the plant clumps at forest margins could supply 
the entire daily needs of their hummingbird residents. 
All the indications were that the hermits were func¬ 
tioning as trap-liners, moving between many small 
known clumps with good floral constancy, while the 
exhibitionists showed similar constancy but almost no 
interpatch movement. Arizmendi and Ornelas (1990) 
showed that hermit hummingbirds were also much 
more mobile wanderers in the longer term, following 
nectar-rich resources around seasonally over quite 
large areas of forest, while the larger exhibitionist 
birds were almost always residents within a small for¬ 
est zone. Forest plants with smaller rewards therefore 
offer enough to be worth a daily visit over the few days 
or weeks that they are in flower, but not enough to be 
worth defending. In practice, it turns out that the ma¬ 
jority of Heliconia species use the former strategy; 
those growing in large clumps at margins are the ex¬ 
ception, and may be exploiting the greater light to get 
fast vegetative growth there while being forced into 
the compromise of reduced outcrossing (but not, since 
they are mostly self-compatible, of reduced seed set). 
This is one of the clearest cases where concentrated 
work on a particular plant genus has allowed pollina¬ 
tion biologists to dissect the alternative strategies that 


plants can adopt to balance growth and reproduction 
(mediated by pollinators) according to habitat and re¬ 
sources available. 


Foraging and Learning in Perching Birds 

Perching birds are all generally much less agile in flight 
than hummingbirds. Although most sunbirds and the 
spinebill meliphagids can hover briefly, and occasion¬ 
ally do feed while hovering, they all prefer to feed from 
a perch; and the other families have no capacity for 
hovering at all and thus no alternative but to feed while 
standing. They all need rather strongly built flowers to 
withstand their probing activities, and they move much 
more slowly between flowers than do hummingbirds. 

However, sunbirds parallel hummingbirds in their 
range of short, long, curved, and straight beaks and 
show a similar matching of preferred flower lengths to 
beak lengths. Larger species with more curved beaks 
tend to work flowers most efficiently, while the small¬ 
est species again show a strong tendency to cheat and 
pierce corollas, even on flowers where they could visit 
legitimately. Medium species usually with straight 
bills can get a net gain from much more dispersed 
flowers than the large sunbirds and so tend to do better 
on lower flower densities. 

In Australian species of honeyeaters, Paton and 
Ford (1983) showed preferences for plants with more 
flowers and for flowers with more nectar. Nectar stand¬ 
ing crop was highest when flowering was at its peak, 
because visitation rates per flower were then lowest, 
and pollination levels were also therefore lowest. Birds 
have sometimes been shown to be “inappropriate” in 
their foraging behavior from the plant’s point of view 
though; honeyeaters foraging at Telopea flowers (Pro- 
teaceae) in New South Wales produced 60% of the 
fruit set in the upper third of inflorescences (even 
though anthesis was from the base upward), probably 
because they stood at the top of the inflorescence and 
probed downward (Goldingay and Whelan 1993); 
there are likely to be many other examples of differen¬ 
tial fruiting resulting from perching birds’ relatively 
immobile habits. 

Like hummingbirds, passerine flower visitors per¬ 
form better on tasks requiring them to avoid previously 
rewarding locations (shift tasks) than to return to them 
(stay tasks). This may partly be an adaptation to the 
generally depleting nature of nectar supplies, since 
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omnivorous honeyeaters abandon their shift tendency 
when feeding on other types of food (Sulikowski and 
Burke 2007). 

As discussed in chapter 10, larger species of bird 
have higher energy requirements and may stay longer 
at any one plant as the costs of flying scale up faster 
than the costs of sitting and feeding, so that larger 
birds should in theory feed from more flowers per 
plant. In Australia, for example, the eastern spinebill, 
with a body mass of 11 mg, probed 26-69 flowers per 
minute on Eucalyptus and other single flowers, while 
the much larger wattlebird (110 g) probed 30-91 flow¬ 
ers per minute (Paton and Ford 1983); although on the 
large clustered inflorescences of Banksia the distinc¬ 
tion disappeared and both probed only 2 flowers per 
minute. Australian spinebills show a good ability to 
discriminate the most rewarding flowers within a plant, 
for example on Correa, where they picked out the de¬ 
velopmental flower stage with highest nectar reward 
and tended to avoid flowers that showed visual signs of 
having been robbed (although they were not able to 
avoid those containing flower mites) (Scoble and 
Clarke 2006). 

Many flower-feeding perching birds are territorial 
at least some of the time (around a quarter of all hon¬ 
eyeaters, for example; Pyke et al. 1996). Territoriality 
may occur where nectar is in short supply, on a patch 
of flowers, or on part of a whole tree (for example on 
Eucalyptus ). When defending territories the smaller 
species are often better pollinators, as they visit indi¬ 
vidual flowers more frequently (Paton and Ford 1983). 
But territorial behavior tends to be seasonal, restricted 
to peak flowering season and to the densest flower 
patches, and larger species may exclude smaller spe¬ 
cies at such times. For example flowering Banksia 
were visited by New Holland honeyeaters in early 
June (fig. 15.3); then some of these were displaced by 
little wattlebirds in later June; then as flower numbers 
increased the wattlebird territories enlarged and were 
more strongly defended so that all honeyeaters were 
excluded through late July and August. Finally the 
wattlebirds left and the honeyeaters returned in early 
September (Paton and Ford 1983). 

A few perching birds have more unusual flower¬ 
feeding behaviors. One example is the cacique (Icteri- 
dae), which feeds on the explosive flowers of certain 
Mucuna species that do not normally open unless the 
wings or keel are subject to pressure (Agostini et al. 
2006). The bird inserts its closed beak and then opens 


its mandibles, forcing the flower to open, subsequently 
feeding on the nectar as well as on caterpillars of As- 
trapetes butterflies that are often hidden within the 
flower. 


4. Bird Flowers and Ornithophily 

Hummingbird Flowers 

These are typically day flowering and commonly pos¬ 
sess red (or less commonly orange, yellow, or pink) 
tubular corollas, usually with little color marking or 
patterning. They thus lack nectar guides in the usual 
sense, although the shape of the orifice may act to ori¬ 
ent the birds correctly into the flowers (Smith et al. 
1996). The flowers are rarely scented, and odor is not 
a foraging cue. They normally have no landing plat¬ 
forms, typifying the gullet flower design referred to in 
chapter 2. Corollas are routinely described as long, al¬ 
though the specific length is roughly matched to the 
beak length of the main visitors, as discussed above; 
but in a few cases such as Aphelandra longer corollas 
can be visited by shorter-beaked birds because they 
undergo a reversible compression when the flying bird 
moves in to the flower (Rengifo et al. 2006). The flow¬ 
ers tend to have strong, thickened basal corolla walls 
to prevent damage, but the corolla beyond the base 
may be quite delicate and translucent enough for the 
nectar column to be visible through it, so that a visitor 
can detect “empties” from a distance. The anthers are 
almost always dorsal, often pressed up against the 
inside of the upper corolla or exserting somewhat 
from it, thus dispensing pollen onto the top of the 
bird’s head. Figure 15.4 shows some typical examples 
of bird-visited flowers, including some convergent 
forms; see also plate 26. 

The nectar is copious and of low concentration 
(high V, low C), giving a low viscosity suited to the 
long capillary-action bird tongue, and it is generally 
secreted into the base of the corolla tube. In most spe¬ 
cies studied the nectar is dominated by sucrose (but 
see chapter 8, as the reasons for this have been contro¬ 
versial). Ornelas et al. (2007) showed a strong positive 
correlation between corolla length and nectar volume 
per day across 289 species of hummingbird-pollinated 
flowers, and Fenster et al. (2006) also found nectar re¬ 
ward to be highly correlated with flower size within a 
species ( Silene virginica), so giving a suite of associ- 
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Figure 15.4 Some classic bird-pollinated flower types, all from different families. (A-D 
A) Malvaceae, (B) Cactaceae, (C) Acanthaceae, (D) Heliconiaceae; (E-G 
Scrophulariaceae, L 
A 


A, B, E, G 
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Figure 15.5 The staggered peak flowering times 
for hummingbird flowers in cloud forest in Costa 
Rica, with at least three species available in each 
month of the year: L, Lobelia; I, Inga; J, Justicia; 

H, Hamelia; C, Cuphea; Ma, Malvaviscus; P, Psitta- 
canthus; K, Kohleria; Mf, Manettia; Mv, Mandevilla. 
(Redrawn from Feinsinger 1978.) 


spectacular abilities to hover in almost any position); 
but they can also be pendant, held singly well away 
from a twig or branch, or may emerge from a robust 
tightly packed inflorescence (as in many plants of the 
Zingiberaceae and Costaceae and in bromeliads, where 
the bracts may provide the main color signal). The 
abundant and numerous Heliconia species have very 
large bracts supporting the flowers and providing the 
main display (commonly red, or red and yellow) while 
the flowers themselves are much smaller, often white 
or green, just protruding from the bract. 

Hummingbird preferences for pendant flowers are 
anecdotally reported to be very common though not 
well tested experimentally; this apparent preference 
may just reflect covariance with some other trait (such 
as pedicel flexibility to prevent breakage during visits; 
Hurlbert et al. 1996). 

However, there is an important caveat to be made 
here. We noted earlier that the North American hum¬ 
mingbird species are of rather uniform beak length and 
shape, so in these zones there is limited specialization 
of particular flowers to particular bird species, and the 
flowers visited do show strong uniformity. James 
(1948) listed the commonest species visited in the 
United States east of the Mississippi (table 15.3), and 
though derived from eight different families all are 
predominantly red and of similar size and morphology 
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(corolla length). But in Central and South America the 
trochilid beaks are much more varied, and the flowers 
visited are concomitantly also much less uniform in 
shape, size, and even color; here it is less easy to define 
a single hummingbird flower type, and there is more 
overlap with the other types of bird flower described in 
the next section. Hence Neotropical hummingbirds ap¬ 
pear repeatedly as the main visitors in table 15.2 where 
some other bird is also visiting; the plants visited 
commonly have radial tubular or spurred flowers, but 
they may also sometimes be keel flowers or brush 
blossoms, and are strongly represented under “other 
designs.” 

Perching Bird Flowers 

As a broad generalization, these flowers tend to be tu¬ 
bular gullets, but wider and more open at the mouth 
than hummingbird flowers. They are often sited direct¬ 
ly on stout twigs where the birds can land and probe, 
whether upward or downward or laterally. They offer 
moderate to large volumes of fairly low-concentration 
nectars, often hexose dominated in Neotropical spe¬ 
cies but with sucrose common in African examples 
(again, see chapter 8). Since the great majority of these 
birds do not eat pollen, the flowers have relatively stiff 
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Table 15.2 

Typical Bird-Pollinated Flower Types 


Floral design 

Genus and species 

Family 

Visitors 

Distribution 

Gullet flowers. 

Columnea spp 

Gesneriaceae 

Hummingbirds 

Central America 

zygomorphic. 

Justicia spp 

Gesneriaceae 

Hummingbirds 

Neotropics 

tubular 

Mimulus cardinalis 

Scrophulariaceae 

Hummingbirds 

Neotropics 


Salvia splendens 

Lamiaceae 

Hummingbirds 

South America 


Antholyza spp 

Iridaceae 

Sunbirds 

Africa 


various 

Bromeliaceae 

Hummingbirds 

Neotropics 


Costus spp 

Costaceae 

Hummingbirds 

Pan-tropical 

Other zygomorphic 

Penstemon spp 

Scrophulariaceae 

(and bees) 

Hummingbirds 

North America 

tubular flowers 

Kniphofia 

Liliaceae 

Sunbirds 

Africa 


Aloe spp 

Liliaceae 

Sunbirds 

South Africa 

Radial tubular 

Abutilon 

Malvaceae 

Hummingbirds 

South America 

flowers 

megapotamicum 
Fuchsia spp 

Onagraceae 

Hummingbirds 

Central and S America 


Ipomopsis aggregata 

Polemoniaceae 

Hummingbirds 

North America 


Manettia inflata 

Rubiaceae 

Hummingbirds 

Neotropics 


Aeschynanthus 

Gesneriaceae 

Sunbirds and 

Indonesia 


Erica spp 

Ericaceae 

others 

Sunbirds 

South Africa 

Keel flowers 

Erythrina spp 

Fabaceae 

Hummingbirds, 

Pan-tropical 


Chadsia spp 

Fabaceae 

sunbirds 

Sunbirds 

Madagascar 

Brush flowers 

Callistemon spp 

Myrtaceae 

Flower-peckers, 

Australia 


Eucalyptus spp 

Myrtaceae 

honeyeaters 

Honeyeaters, 

Australia 


Acacia spp 

Fabaceae 

lorikeets 

Honeyeaters 

Australia 


Banksia spp 

Proteaceae 

Honeyeaters, 

Australia 


Calliandra spp 

Fabaceae 

spinebills 

Hummingbirds 

Central America 

Spurred flowers 

Delphinium cardinale 

Ranunculaceae 

Hummingbirds 

North America 


Tropaeolum 

Tropaeolaceae 

Hummingbirds 

South America 


pentaphyllum 

impatiens 

Balsaminaceae 

Sunbirds 

Central Africa 

Capitulate 

niamniamensis 

Protea spp 

Proteaceae 

Sunbirds 

South Africa 

inflorescences 

Mutisia spp 

Asteraceae 

Hummingbirds 

South America 

Other designs 

Strelitzia spp 

Strelitziaceae 

Sunbirds 

South Africa 


Heiiconia spp 

Heliconiaceae 

Hummingbirds 

Neotropics 


Passiflora coccinea 

Passifloraceae 

Hummingbirds 

Neotropics 


Marcgravia spp 

Marcgraviaceae 

Hummingbirds 

Neotropics 


Datbergaria spp 

Gesneriaceae 

Hummingbirds 

Neotropics 
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Table 15.3 

The Most Important Hummingbird Flowers in the Eastern United States 


Common name 

Genus and species 

Family 

Cardinal flower 

Lobelia cardinalis 

Campanulaceae 

Columbine 

Aquilegia canadensis 

Ranunculaceae 

Jewelweed 

Impatiens capensis 

Balsaminaceae 

Oswego tea 

Monarda didyma 

Lamiaceae 

Red buckeye 

Aesculus pavia 

Hippocastanaceae 

Trumpet creeper 

Campsis radicans 

Bignoniaceae 

Trumpet honeysuckle 

Lonicera sempervivens 

Caprifoliaceae 

Flame flower 

Macranthera flammea 

Scrophulariaceae 


Source: Based on James 1948. 


stamens freely exposed to brush pollen onto the visi¬ 
tors’ feathers. 

However, it is possible to recognize several other 
distinct types of flower that could be said to be associ¬ 
ated with bird pollination (table 15.2 and fig. 15.6). 
Zygomorphic tubular flowers are less often of the gul¬ 
let type, instead retaining their lower corolla lobe, and 
with the upper lobe generally less elongated, again 
commonly in the color range red, orange, and yellow. 
Aloes provide a classic example in southern Africa, 
their drooping tubular flowers arising from a stout cen¬ 
tral stem to which a bird can readily cling (plate 27F). 
Some pendant Datura species in South America are 
also visited by perching birds, including the swordbill, 
working the flowers from a central stem or from a 
perch on branches below. Elongate radial flowers with 
slightly flared mouths are also abundant, often in the 
families Gesneriaceae, Acanthaceae, and Scrophulari- 
aceae, so that the normal zygomorphic character of 
those families is lost in adapting to bird visitors. Here 
the stamens and style may protrude noticeably from 
the corolla. Brush blossom flowers with densely clus¬ 
tered spherical or cylindrical flower heads are particu¬ 
larly common as bird flowers in Australia, where 
Banksia and Callistemon (bottlebrush flowers) are very 
well represented. Again the stamens are protruding and 
fully exposed, and the center of the blossom often 
houses a visible supply of shiny nectar pooled from the 
separate flowers (plate 8D). However, some of the ca¬ 
pitulate Banksia species have clustered smaller flow¬ 
ers, resembling thistles; they have their corollas facing 
upward and provide a landing platform for the birds. 


Bird flowers with nectar spurs can have various co¬ 
rolla designs but merit a grouping of their own here 
because the spur seems to serve not only to store the 
nectar but also to direct the rather sharp bird beak away 
from the ovaries and off to one side of the flower (or 
sequentially to several sides if there are several spurs). 
Interestingly, the angraecoid orchids on Reunion Is¬ 
land, from a group pollinated by hawkmoths in nearby 
Madagascar, have developed much reduced spurs and 
have very little scent, being pollinated by the endemic 
white-eye (Micheneau et al. 2006); this is a most un¬ 
usual case of pollinator shift, as birds very rarely pol¬ 
linate orchids. 

The genera given in table 15.2 as “other designs” 
are particularly interesting in revealing both the great 
morphological variation in flowers visited by birds and 
the convergences that appear across a great range of 
families. The first two somewhat resemble each other 
and are both from families within the Zingiberales (see 
the appendix), closely related to the Musaceae (the ba¬ 
nana family). Strelitzia, commonly known as bird-of- 
paradise flower, is pollinated by perching birds and 
has large horizontal flowers on stout stems, supported 
in large bracts (plate 27 A). Each has a large six-section 
perianth, but three petals are erect and orange, provid¬ 
ing the main display, while the other three are prone 
and blue, two of them (on which the bird must stand) 
being larger and concealing the stamens, the third one 
smaller and holding the nectary. The weight of the bird 
standing on the two blue petals causes their lobes to 
spread apart, and sticky strings of pollen are deposited 
on the bird’s underside; these petals are also rather 
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Adjacent twig providing perch 
and access to flowers 




Figure 15.6 Typical access types for perching bird flowers; either from an adjacent lower twig to pendant flowers, or 
to successive flowers on the same vertical stem, or where the whole inflorescence provides a sturdy platform to 
stand on as in Protea. (Drawn from photographs.) 


slippery and hard to hold on to, ensuring that the bird 
grips on tightly and must work the flower for some 
time. 

The last three “other design” bird-pollinated spe¬ 
cies listed in the table fit no category. Some species of 
Passiflora (e.g., coccinea, vitifolia; plate 26G) are vis¬ 
ited by hummingbirds and have the typical passion¬ 
flower morphology modified to allow easier access to 
nectaries, with petals reflexed so that there is no land¬ 
ing platform, and they are bright red in color. The re¬ 


lated genus Tacsonia has flowers with very elongated 
corollas and is visited by the swordbill in South Amer¬ 
ica. Even more curious are the pendant Marcgravia 
inflorescences of the Neotropics, with flowers whose 
appearance is dominated by large nectar pouches 
formed from modified bracts, shaped so that the head 
of a visiting hummingbird must contact pollen on the 
whorls of flowers that lie above (fig. 15.7). Here the 
nectaries most unusually provide the main display, be¬ 
ing yellow when young and turning red with age. In 
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Figure 15.7 The unusual structure of hummingbird- 
pollinated Marcgravia inflorescences: (A) whole 
intact inflorescence, with nectaries protruding be¬ 
low; (B) closer view of male and female phase flow¬ 
ers (also shown on left and right of (A)); (C) section 
of the inflorescence with the progression from lower 
male to higher female stages of flowers, and the 
nectaries below, each with a flower rudiment. Ar¬ 
rows show the movement of a bird's head as it 
leaves. (Redrawn from Proctor et al. 1996.) 


yet another curious genus, Dalbergaria, the leaves of¬ 
ten provide the color signal bearing large red spots, 
with small yellow tubular flowers concealed behind 
them. 

Finally it is worth mentioning a few oddities. One 
of these is the mistletoe family (Loranthaceae), which 
is especially associated with perching birds, and par¬ 
ticularly sunbirds in most zones. Here the attraction for 
the birds is the seeds rather than the flowers, but in 
some cases the birds also passively pollinate the flow¬ 
ers, and in up to half of the species (including the New 
Zealand genus Peraxilla ) the flowers are explosive and 
birds’ activities trigger the removal of a cap on the bud 
(Ladley et al. 1997). A second curiosity is the behavior 
of some honeyeaters in Australia that feed not at the 
tiny rewardless flowers of the tree Acacia terminalis, 
but at the conspicuous red extrafloral nectaries, trans¬ 
ferring pollen as they do so (Knox et al. 1985). And a 
third strange case is a Calceolaria species that offers a 
fleshy food body to a non-nectarivorous bird ( Thino- 
corns) (Sersic and Cocucci 1996), perhaps because in 
the tip of South America there are no oil-bees that serve 
as the usual pollinators for this genus (chapter 9). 



The Ornithophilous Syndrome 

From the extremely varied flower designs mentioned 
in the last two sections, it is still possible to extract a 
series of characters that define bird flowers (Faegri and 
van der Pijl 1979). Cronk and Ojeda (2008) pointed 
out the strong convergent evolution involved here, and 
the potential for tracking the gene systems involved in 
the near future. 

The flowers show all or most of the following: 

1. Day flowering, opening early morning 

2. Dehiscence and nectar secretion mainly in the 
morning 

3. Vivid colors, with red dominant and some con¬ 
trast (yellow, white, sometimes blue) also com¬ 
monly present 

4. Coloration often from longer-lasting structures 
such as bracts, stems, leaves 

5. Absence of nectar guides (although the orifice 
shape may act as guide) 

6. Flower tubular, and/or pendant or nodding, often 
with nectar spurs 
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7. Lower lip absent or curved back 

8. Basal corolla walls thickened, or protected by 
thickened sepals or bracts 

9. Stamen filaments stiff, often dorsal and united; 
anthers often exserted at maturity 

10. Ovary protected, usually inferior 

11. Large volumes of low-concentration nectar 

12. Absence of scent 

13. Large spatial separation between nectar supply 
and the anthers (when dehiscing) and the stigmas 
(when receptive) 

Most of this is self-explanatory, and clearly a few of 
these points—(4) and (5) in particular— apply more to 
hummingbird flowers than to perching bird flowers; 
but most do occur in all the flowers in table 15.2. 

However, one character worthy of further mention 
is the nectar. Nearly all bird-pollinated plants produce 
copious nectar that is dilute and remarkably consistent 
in concentration, averaging around 20%-25%. Bird 
flower nectar is thus consistently more watery than bee 
flower nectar (Pyke and Waser 1981). These nectar 
characteristics would seem very clearly matched to 
birds’ morphological and physiological constraints; 
they need low-viscosity fluid (Kingsolver and Daniel 
1983; Roberts 1995), and yet they require large ca¬ 
loric rewards. Gutierrez et al. (2004) noted a good cor¬ 
relation between the nectar supplied in 29 Andean 
hummingbird-pollinated plants and the nectar require¬ 
ments of the associated 13 bird species, varying in en¬ 
ergetic demand as they molted, reproduced, and moved 
around the system. Likewise Stiles and Freeman 
(1993) found they could reasonably well predict 
whether a flower was visited by hermit or nonhermit 
hummingbirds from measurements of secretion rate 
and concentrations of sugars (taking into account alti¬ 
tude effects where secreted volumes and percent of 
sucrose declined with elevation and percent of fruc¬ 
tose increased). In fact, hummingbirds have even been 
divided into lowland and highland species on this ba¬ 
sis, the former preferring somewhat more concentrated 
and lower-volume supplies; temperatures are generally 
higher than at altitude, and the nectar stays manage¬ 
able at somewhat higher concentrations, while slightly 
smaller overall rewards are required as keeping warm 
is cheaper (Forcone et al. 1997). 

There is some controversy here, however (e.g., Bol- 
ten and Feinsinger 1978). Hummingbirds in experi¬ 
mental situations generally prefer higher concentra¬ 


tions of 30%-45% (Roberts 1996; and see table 8.4); 
and we noted earlier that when flower and nectar han¬ 
dling costs are added in to calculations, Kingsolver 
and Daniel (1983) suggested that optimal concentra¬ 
tions would rise to perhaps above 40%. Why then do 
birds seem to prefer lower concentrations when forag¬ 
ing in the wild? Some have argued that the low con¬ 
centrations occurring naturally in the birds’ preferred 
flowers are partly to deter bees from taking the nectar, 
as 20% concentrations would normally be unprofitable 
for a bee. Hummingbirds tolerate dilute nectar better, 
perhaps because they have extremely efficient kidney 
tubules that rapidly excrete excess water (McWhorter 
and Rio 1999). This may make good sense, because 
certain smaller bees can potentially visit some typical 
hummingbird flowers, although larger bees may be 
precluded where the corolla tube is particularly narrow 
(e.g., some Penstemon\ Wilson et al. 2006). But when 
small or medium bees do visit for nectar they may be 
very poor pollinators—they often fail to contact an¬ 
thers as these are dorsal and/or exserted, and they may 
not touch stigmas in wider flowers. Such consider¬ 
ations would strongly favor floral changes (such as 
very dilute nectar) to discourage bee visits. It might 
therefore be argued that changes to the nectar (larger 
volumes and lower concentration) may be the neces¬ 
sary first stage for a plant in switching to bird pollina¬ 
tion. This would also fit with the observation of John¬ 
son and Nicolson (2008) that flowers adapted for 
hummingbirds and sunbirds (both specialized nectari- 
vores) have nectar around 15%—25% concentration, 
while flowers attracting generalist bird visitors often 
have extremely dilute nectar (8%—12%). 

That may be a sufficient explanation for bird flower 
nectars. However, it has also been noted that birds 
drinking at artificial nectar feeders have abnormally 
high volumes on offer and feed very much more 
rapidly than they do at flowers (Gass and Roberts 
1992), suggesting a different balance between the 
tongue loading and unloading phases; and that they 
normally also have access to water separately in such 
situations, which may alter their preferences for sugar 
solutions. 


5. Overview 

Extreme specialization is precluded in ornithophilous 
relationships for a number of reasons. Above all, birds 
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Quesneiia arvensis 
Heliconia angusta 
Erythrina speciosa 
Nematanthus fluminensis 
Justicia earned 
Heliconia velloziana 
a) Quesnelia marmorata 
oj Aechmea pectinata 

Vriesea scalaris 
c Vriesea incurvata 

51 Heliconia rostrata 

Dahlstedia pinnata 
Heliconia spatho-circinata 
Costus spiralis 
Nidularium innocentii 
Centropogon cornutus 
Psychotria nuda 



Month 


Figure 15.8 Floral usage succession through a year for the hummingbird Ramphodon naevius in southeast Brazil. 
(Redrawn from Sazima et al. 1995.) 


are long-lived animals, and most will need to feed for 
much longer periods than can be provided by any one 
plant’s flowering season. Thus Sazima et al. (1995) 
showed that hummingbirds may need up to 20 species 
in succession through a year (fig. 15.8). Second, there 
is only limited scope for precise pollen placement on 
the feathery surface of a bird to preclude heterospe¬ 
cific pollen pickup and deposition, so that Murcia and 
Feinsinger (1996) found considerable interference be¬ 
tween different pollens, with intervening flower visits 
reducing the pollen transfer from donor to correct re¬ 
cipient; the offsetting bonus being that heterospecific 
grains took up little space on stigmas and did not pro¬ 
duce serious interference for pollen tube growth. 

Hence one-to-one relationships are extremely rare. 
Any given Australian bird flower species may get vis¬ 
its by a range of honeyeaters and other birds, and spe¬ 
cies of Proteaceae and Myrtaceae routinely received 
visits from at least 8, and up to 24, bird species (Paton 
and Ford 1983); rather lower numbers have usually 
been recorded in Central America for hummingbirds. 

However, we have already noted that some degree 
of specialization is induced by matches of corolla 
shape and beak curvature, and this may also be linked 
to a general size fit between bird and flower. Larger 
species tend to have curved bills, in both hummingbird 
and nonhummingbird groups, perhaps because no pol¬ 


linators could go on evolving longer beaks or tongues 
linearly, especially for those that land to feed, as they 
could not then easily probe into flowers (Westerkamp 
1990). Larger bird-pollinated flowers do tend to show 
similar degrees of curvature, to accommodate their 
birds’ beak shapes. Where there appears to be a mis¬ 
match of beak length and corolla length, Temeles et al. 
(2002) showed that corolla width also played a part in 
flower choices; and one case where a flower shortens 
slightly from the pressure of a short-beaked bird arriv¬ 
ing was mentioned earlier. 

Perhaps the best example of specialized curvature 
fit comes from the sexually dimorphic Caribbean pur¬ 
ple-throated hummingbird ( Eulampis jugularis ), the 
sole pollinator of two Heliconia species (Temeles and 
Kress 2003). H. caribaea has flowers that fit the short 
straight beaks of the male birds, and H. bihai has 
flowers that fit the longer curved beaks of the female 
birds. Across several islands, the males promote in- 
breeding in H. caribaea while the females promote 
outcrossing in H. bihai. However, on the island of St 
Lucia H. caribea is rare, and H. bihai compensates by 
having a second morph with flowers matching male 
bills, while on Dominica it is H. caribaea that has a 
second morph with flowers that suit the female birds. 
In each case the nectar provision in the plant is also 
matched to the birds’ needs, the male hummingbirds 
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being substantially larger than the females. Further 
work on hummingbird communities in the Antilles is¬ 
lands using a pollination network approach (see chap¬ 
ter 20) again found that specialization levels were 
broadly size related: larger bird species were more 
functionally specialized on particular plants, whereas 
smaller hummingbirds had broader floral niches and 
began to overlap with insect-visited flowers (Dals- 
gaard et al. 2008). 

A level of specialization and increased efficiency as 
pollinators can also be inferred from the movement 
behaviors of birds referred to above, including territo¬ 
riality around a plant patch or tree, and is likewise fa¬ 
vored by the community structures of some pollinat¬ 
ing birds. Feinsinger and Colwell (1978) found there 
were usually just 2-3 species of hummingbirds on Ca¬ 
ribbean islands, each with different characters and dif¬ 
ferent flower choices: commonly one territorial short 
beak, one long-beak nonterritorial trap-liner, and one 
less specialist. In larger communities there were often 
these same three types (maybe two of each) and also 
some “marauders” and “filchers,” plus often, in denser 
forests, a very long-beak understory high-reward trap¬ 
lining species. Community structure is less clear-cut in 
perching birds, which are usually less dependent on 
floral food, although there may be some pattern in 
Australian honeyeaters (Carpenter 1978a) and in South 
African sunbirds and sugar birds, where coexisting 
species do differ in morphology, beak length, territori¬ 
ality, and aggression. 

Following this theme of only moderate specializa¬ 
tion, it is interesting that the same plant genus can ap¬ 
pear to be coevolved with different birds in different 
places. A classic example is the legume Erythrina, 
whose flowers are always bright red and make a spec¬ 
tacular showy display when in flower on the tree; but 
one species in Indonesia has large and widely open 
keel blossoms, facing inward on strong stalks and 
readily reached by nonspecialist birds; another has 
small flowers with a greatly reduced keel and stamens 
freely exposed, depositing pollen on sunbirds and 
white-eyes; and E. umbrosa and other New World spe¬ 
cies are medium sized but with long enclosed tubular 
keels dispensing pollen only at the tip, onto the throats 
or bellies of hovering hummingbirds. Yet other New 
World species have their nectaries protected by a petal 
flap, only visited legitimately by perching birds such 
as parrots and icterids (Cotton 2001). 

Another neat example of substantial specialization 


toward a particular bird comes with sunbird pollina¬ 
tion of certain Asclepiadaceae (milkweeds), described 
by Pauw (1998). Milkweed pollination has usually 
been regarded as relatively nonspecialist, although it 
involves a particular mechanism for pollen transfer 
since the pollen is packaged as pollinaria (chapter 7). 
Each of these comprises two pollen-filled sacs plus a 
mechanical clip (the corpusculum) that usually gets 
attached to various parts (feet, or proboscis, or some 
bristles) of an insect visitor. But Pauw noted that in 
South Africa Microloma sagittatum flowers were vis¬ 
ited mainly by Nectarinia chalybea, and the corpuscu¬ 
lum attached to the frayed edges of the bird’s tongue, 
allowing very efficient pollinaria transfer to conspe- 
cific flowers. This is unusually specialized given that 
for most sunbirds pollen transfer is via feathers. Odd¬ 
ly, this was presented as a “blow” against specialized 
syndrome approaches (Ollerton 1998) because the 
flower’s appearance suggests insect pollination; but it 
could equally be seen as a nice example of specializa¬ 
tion (within constraints) to exploit locally available 
visitors. 

There is very little in this chapter about bird inter¬ 
actions with pollen, or measures of their effectiveness 
in moving pollen. Perhaps that is fair; the interaction 
is somewhat limited. During a flower visit, pollen is 
likely to be deposited on a bird’s body in a relatively 
specific place, but little grooming off occurs except 
where pollen grains are obtrusive on eyes, beak, etc. 
Thus the pollen tends to accumulate, and in many cas¬ 
es birds can be seen as single-compartment pollen do¬ 
nors (fig 7.12). However, where visitation is intensive 
and flowers produce large amounts of pollen, a bird’s 
body may acquire multiple layers of pollen (Price and 
Waser 1982; Lertzmann and Gass 1983; Feinsinger 
and Busby 1987) such that the innermost layers are 
effectively useless for deposition on stigmas, giving a 
two-compartment pollen dispersal pattern. In either 
situation, the pollen carryover from birds is probably 
rather simple to model, and in chapter 3 we noted that 
work with hummingbirds had indicated carryover oc¬ 
curring both significantly further and more variably 
than was once supposed, so that Waser (1988) reported 
carryover up to the 35th flower visited (fig. 3.6). Sev¬ 
eral estimates of pollination effectiveness for avian 
species were given in chapter 11, and although birds 
often carried low pollen amounts their frequency of 
visit tended to improve their ratings compared with 
other possible vectors. Thus both hummingbirds and 
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other perching species can be moderately specialist 
and highly effective pollinators of those species where 
they are the dominant visitors. 

It is worth ending with a reminder that birds which 
are not specialized for flower visiting at all can never¬ 
theless effect pollination on some plant species. On 
islands this may be particularly common, so that on 
Tenerife opportunistic nectar-feeding tits, warblers, 
blackcaps, and finches produced 93% of effective vis¬ 
its to native Isoplexis flowers (Rodriguez-Rodriguez 
and Valido 2008). In Europe the common blue-tit can 


pollinate willow catkins (Q. Kay 1985). Not infre¬ 
quently, blue-tits and great-tits (Pams species) also 
pollinate the large-flowered crown imperial fritillary 
(Fritillaria imperialis) widely grown in gardens 
(Burquez 1989), perhaps attracted because these flow¬ 
ers have extremely copious nectar (plate 19A). And in 
south-eastern Asian urban settings some species of 
Erythrina (a typical red-colored keel blossom, referred 
to above) are regularly pollinated by a range of medi¬ 
um-sized ordinary passerines such as starlings, thrush¬ 
es, and drongos. 


Chapter 16 

POLLINATION BY BATS 


Outline 

1. Feeding Apparatus 

2. Sensory Capacities 

3. Foraging Behavior and Learning 

4. Bat Flowers 

5. The Bat Pollination Syndrome: 
Chiropterophily 

6. Overview 


Flowers visited and pollinated by bats constitute the 
syndrome termed chiropterophily, as bats were tradi¬ 
tionally united in the mammalian order Chiroptera al¬ 
though they are now classified as two distinct and 
separately evolved orders, Megachiroptera and Micro- 
chiroptera. Bats are primarily nocturnal, and as flying 
endothermic mammals have extremely high energy 
demands (chapter 10). Furthermore, their flower visits 
often require hovering for short periods (with wing 
beats of 12-16 per second and involving an upward tilt 
of the wings to generate lift); this increases their en¬ 
ergy demand further, although—somewhat surprising¬ 
ly—not by an enormous amount (see Winter and van 
Flelversen 2001); in fact glossophagine bats have a 
lower mass-specific hovering cost than hummingbirds 
or hawkmoths (table 10.1). However, having rather 
large body masses, in practice the bat species that visit 
blossoms for a major part of their diet are linked with 
some unusual and very high-reward flowers (Kunz and 
Fenton 2003). 

The Megachiroptera constitutes an Old World 
grouping of generally larger species. The flower-feed¬ 
ing species come from Africa, southeastern Asia, and 


Australasia (although almost absent from the extreme 
southern zones). They lie within two subfamilies, 
Pteropinae (strongly dependent on fruits for food; 
thus generally known as fruit bats, and including the 
so-called flying foxes in the genus Pteropus ) and 
Macroglossinae (predominantly nectar feeding, and 
sometimes called flower bats). A few of the Macro¬ 
glossinae rely totally on flowers for their food, taking 
protein from the large amounts of pollen groomed 
from their fur. 

The Microchiroptera has a worldwide distribution 
but its members are primarily insectivorous; flower 
feeders occur only in the New World, in the family 
Phyllostomidae. Several subfamilies include flower 
visitors, but often of a rather unspecialized type, feed¬ 
ing mainly on larger brush-blossom plants. However, 
in the subfamily Glossophaginae, which has about 29 
species currently identified, there are more highly 
adapted flower visitors, with long slender snouts and 
long tongues and particularly dense fur where the indi¬ 
vidual hairs are (unusually for bats) almost plumose 
like the hairs of bees, giving excellent pollen-holding 
capacity. Many glossophagine bats are therefore spe¬ 
cialist visitors to gullet-type flowers, being able to 
hover for a second or two while drinking nectar. In¬ 
deed, some flowers are visited by both frugivorous and 
nectarivorous glossophagines; the palm Calyptrogyne 
has flowers attracting both perching frugivores (taking 
fruitlike tissue from the flowers) and hovering nectari- 
vores, with fruit set being higher after the former have 
visited (Tschapka 2003). 

Bats occur in most habitats, but the flower-visiting 
species from either order occur predominantly in the 
tropics, extending about 30°N and 30°S of the equator. 
As well as humid tropical zones, this range includes 
hot arid areas in the southern United States, where bats 
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pollinate many desert plants (especially the large- 
flowered cacti), although these bats tend to be migra¬ 
tory (McGregor et al. 1962). And while bat pollination 
is usually a phenomenon of tropical latitudes, this does 
not always mean hot habitats, since bats also occur at 
high altitude (especially in the Andes), where they en¬ 
counter cool and even freezing temperatures at night. 

Flower visiting is by no means uncommon in bats. 
Cox et al. (1991) reported 92 different plant genera in 
50 families being visited by flying foxes ( Pteropus ) 
around the Indian Ocean and South Pacific islands. 
Mexico alone has 11 nectar-feeding bat species, visit¬ 
ing cacti, Ipomoea, Agave, bananas, and several other 
commercially important species. Thus bat pollination 
is not an uncommon phenomenon, with up to 4% of 
plants in some Neotropical forests being chiroptero- 
philous (see table 27.3). 

Flower-visiting bats from both orders are generally 
larger than the flower-visiting birds discussed in chap¬ 
ter 15. In the New World, flower bats range from 10 to 
35 g (rarely to 50 g) body mass, and in the Old World 
usually from 15 to 300 g (although flying foxes can be 
in excess of 1.5 kg with a wingspan of 1.8 m). Their 
chosen flowers are correspondingly larger and more 
robust than those visited by birds, although often in the 
same genera. Indeed, as bats are large relative to most 
other pollinators, they commonly forage on larger 
woody plants—shrubs and trees—rather than on herbs. 
The exceptions to this are some smaller partly or whol¬ 
ly bat-pollinated herbs that are epiphytic or scramble 
over open rocky ground. 

With large plants and large flowers and high energy 
demands, it is no surprise that floral rewards are also 
substantial, among the largest in all plants. Neotropical 
flowers supplying glossophagines commonly contain 
more than 100 pi of nectar, while some flowers visited 
by the largest bats may contain several milliliters each. 

Since the action of a bat pollinating a plant takes 
place mainly in the dark and at some distance from the 
ground, bat pollination was understandably less well 
known until quite recently, and even now studies tend 
to be more common for the accessible desert cacti than 
for tropical forest trees. Some of the evidence regard¬ 
ing bat pollination is still indirect, relying on analysis 
of pollen loads on netted bats, or of pollen grain re¬ 
mains in fecal sample from bat roosts; but increasing 
use of night viewing equipment and photography, and 
radio tracking of tagged bats, are adding to the direct 
observational data. 



Figure 16.1 Megachiropteran tongue (A 
D 


1. Feeding Apparatus 

With fruit dominating their diet, the Megachiroptera 
have pronounced snouts and a long slender tongue 
(fig. 16.1); some of the species that feed extensively on 
flowers have tongues that are 60%-70% of their own 
body length. A few of the Macroglossinae, while re¬ 
taining the standard bat mouth and tongue design, take 
no fruit in their diet and rely totally on flowers into 
which the snout and tongue can be inserted, the Queen¬ 
sland blossom bat ( Synocteris australis) being a well- 
studied example. This species and some near relatives 
are among the relatively rare bats that take large 
amounts of pollen in their diet, grooming it from fur 
with their claws, teeth, and tongue. 

The Microchiroptera have moderately short snouts 
and tongues and are relatively awkward when handling 
flowers, clinging on mainly upside down and often 
consuming parts of the flower tissues. However, in the 
more highly adapted Glossophaginae, there are long 
slender snouts and longer tongues (often 50%-95% 
body length). The exceptional case is Anoura fstulata 
from Ecuador, with a tongue up to 85 mm, 150% of 
the body length, and stored back in the thoracic cavity 
when not in use (Muchhala 2006). This bat is the sole 
pollinator of Centropogon nigricans, which has 80-90 
mm corollas; the only known case of a 1:1 relationship 
for bat flowers. Remarkably, it has also been shown 
that (artificially manipulated) even longer-tubed Cen¬ 
tropogon male-phase flowers deliver more pollen onto 
visiting bats, and also receive more pollen per bat in 
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the subsequent female-phase flowers (Muchhala and 
Thomson 2009). 

The tongues of nectarivorous bats have features in 
common across the orders and families, having tips 
with a brush of fine bristles or narrow scales, often 
pointing slightly backward, and allowing nectar up¬ 
take by capillarity. Flower-feeding bats tend to have 
fewer teeth than their insectivorous relatives, although 
a few species do use their teeth to aid in the consump¬ 
tion of floral tissues (e.g., the bracts of Freycinetia, 
and some sugar-rich parts of Madhuca and Bassia 
flowers). 

Bats show reasonably good digestion of pollen with 
higher extraction rates in the flower feeders than in 
frugivores (Mancina et al. 2005), apparently related to 
different levels of the appropriate enzymes. 

2. Sensory Capacities 

All the members of the Megachiroptera have good 
eyesight and excellent olfactory senses, but they have 
poor navigational abilities in the dark as most of them 
lack any echo-location system (the genus Rousettus is 


an exception, able to echo-sound using clicks made by 
the tongue). In contrast, all the Microchiroptera bats 
have relatively poor eyesight but excellent olfaction 
and echo location, along with good binaural sound lo¬ 
calization acuity, and they can navigate in complete 
darkness. 


Olfaction 

This is the sensory modality for flower location com¬ 
mon to all bats, more important than visual attraction 
in the dim light of dusk, so that bat flowers are almost 
always highly scented. They often have rather “odd" 
smells, fruity or fermenting to our noses; terpenes are 
commonly present, often with long-, medium-, and 
short-range variants. In fact scents in bat flowers are 
noteworthy for their similarity across a very wide tax¬ 
onomic spectrum of bat flowers (Knudsen and Tollsten 
1995; Bestman et al. 1997); figure 16.2 shows the 
relative preference of Glossophaga bats for some of 
the characteristic components (Winter and von Hel- 
versen 2001). Many but not all bat flowers contain the 
sulfurous volatiles that are evidently highly preferred. 



Figure 16. 2 Scent preferences of Glossophaga soricina bats in laboratory tests. Values are relative to scentless con¬ 
trols and given as means ± SE. (Redrawn from von Helversen et al. 2000.) 
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Van der Pijl (1936) suggested that the flowers are 
mimicking the scents from the glandular secretions of 
bats, used as attractant cues for flocking and roosting 
together. 

Bats’ noses appear to house a rather standard verte¬ 
brate olfactory epithelium and may also contain mech- 
anoreceptors and cold/warm receptors. Their whiskers, 
sited around the nose, also give mechanosensory input 
that may help guide the snout or tongue correctly into 
the flower. 


Vision 

Bats are generally recorded as color-blind, having no 
cones, although some Glossophaga species are sensi¬ 
tive to UV wavelengths (using the rhodopsin in their 
rods), which may help them detect pale flowers against 
a dark background when there is a faint light available. 
In addition, several bats tested so far do have func¬ 
tional color vision opsin genes (Wang et al. 2004), al¬ 
though their expression may be limited. 

Megachiroptera have good pattern-recognition abil¬ 
ities, again useful in detecting the contrast of flower 
outlines against backgrounds, and have a good spatial 
memory to recall locations once seen (Holland et al. 
2005). Even some Microchiroptera probably use vi¬ 
sion for longer-range flower detection in all but the 
darkest nights, with echo location coming into play at 
closer range. 

Most typically the flowers that bats choose are 
therefore white, cream, dull beige, or sometimes drab 
greenish in color, with low color saturation. Those that 
open and are visited at dusk tend to be white, provid¬ 
ing the best possible visual signal, whereas night¬ 
opening species show the duller colors, perhaps help¬ 
ing to keep them unnoticed by potentially inappropriate 
diurnal visitors or robbers during the day before they 
open. Some species have darker colors (deep reds, 
purples, or browns) centrally, perhaps helping to dis¬ 
guise the corolla opening from any visually searching 
and “inappropriate” visitors; see plate 28A-E. 

Ears, Sound, and Echo Location 

It is now clear that nectar-feeding glossophagine bats 
often find their flowers in dense tropical forests using 
echo location, which is their primary system for orien¬ 


tation in flight. Some flowers have evolved features 
that make their echo more conspicuous or more easily 
discriminated. The famous example is the flower of 
Mucuna holtonii, a chiropterophilous high-canopy 
vine (fig. 16.3), which has an unusual concave upper 
petal (vexillum) that provides a distinctive echo signal 
(von Helversen and von Helversen 1999). Figure 16.3 
also shows the echo-location traces recorded from a 
flower as a (simulated) bat approached from different 
angles, compared with the echoes from a closed bud 
and from an adult flower where the concave petal was 
filled with cotton wool. The flower has an explosive 
nectar-exposing mechanism triggered by the first bat 
visit, so that later visits are relatively unrewarding, and 
bats are able to distinguish the virgin flowers from the 
already exploded flowers (von Helversen and von Hel¬ 
versen 2003). Other Mucuna species without bat pol¬ 
linators do not have the concave vexillum. 

Glossophaga bats have been trained with various 
geometric objects to test their echo-based discrimina¬ 
tion and can readily pick out hemispherical surfaces of 
different diameter (Simon et al. 2006). They may also 
be able to use object-specific binaural echoes to deter¬ 
mine floral orientation and even identity (Holderied 
and von Helversen 2006). Close to a flower, they may 
use echo acoustics to guide themselves to a nectar 
chamber (von Helversen and von Helversen 2003). 

Many other bat flowers have rather concave bell 
shapes and may prove to be acoustically conspicuous 
(von Helversen et al. 2003). Some of the bat-pollinated 
cactuses house their flowers within a hairy socket 
which may be a sound-absorbing system to enhance 
the signal from the flower (Winter and von Helversen 
2001 ). 

3. Foraging Behavior and Learning 

Many bats feed by hovering at a flower, each hovering 
bout lasting typically only 0.3-0.6 s, so that most of 
their time is spent on forward flight, commuting be¬ 
tween flowers. There are relatively few calculations or 
observations on numbers or frequency of flower visits 
per trip (or per night) for bats, or on how many visits 
each flower might expect to receive. Vogel (1958) 
suggested that each flower of the sausage tree Kigelia 
received around 50 visits from bats in its single night 
of existence, but this is a little unsatisfactory as the 
plant is an introduced alien at the site studied in South 


360 • Chapter 16 



vexillum 


B 






110 60kHz 


Figure 16.3 The structure of Mucuna holtonii flowers: (A) an un¬ 
opened bud, (B) an intact open but unvisited flower with the vexil¬ 
lum erect. (C) The ultrasound records from an open flower on the 
right, from a bud in the middle, and from a flower with the erect vex¬ 
illum padded with cotton wool on the right, where the echo is largely 
suppressed. The echo also decreases as the angle of approach starts 
to exceed about 30°. (All redrawn from von Helversen and von Hel- 
versen 1999.) 


America. For more reliable studies with native brome- 
liads, visits from 1-3 bats per flower were recorded, 
each bat going to about 40-50 plants and any one bat 
revisiting a given flower 3-30 times per night (Winter 
and von Helversen 2001; and see below on revisitation 
patterns). For Werauhia flowers in Costa Rica, Tschap- 
ka and von Helversen (2007) recorded Glossophaga 
bats hovering for a mean period of just 320 ms at a 
flower, this period correlating with recorded nectar se¬ 
cretion rates; hence there were very high flower visita¬ 
tion rates. 

Bats have excellent spatial memory (Thiele and 
Winter 2001), which for nectarivorous species must 
help them to visit known and reliable high-value nec¬ 
tar sources repeatedly. They often live in very large 
roosts that occupy fixed locations for years or decades; 
a single roost site in some Asian cave-dwelling species 
such as Eonycteris spelea can contain tens of thou¬ 
sands of individuals. The roosts may be a very long 
distance from some of the trees that the bats pollinate. 
Hence they have to travel long distances on each 
night’s foraging trip, with some records of regular 
flights of up to 40 km, taking perhaps 1.5-2 hours in 
each direction and flying together in large flocks. In 
contrast, some smaller tree-roosting Asian species 
roost alone or in very small groups, in or close to their 
preferred feeding trees. For Central American species, 
Heithaus et al. (1975) found a rough proportionality 
between size of bat and flight distances. Hence the for¬ 
aging patterns and behaviors of bats are extremely 
variable, depending on body size and on the spatial 
relationship between roost and feed sites in any given 
habitat. Indeed the same species may show quite dif¬ 
ferent patterns when studied in different places and 
even in the same place in different seasons as flower 
density changes. For example, the medium-sized bat 
Artibeus jamaicensis has variously been recorded as a 
group forager, and as a solitary trap-lining forager 
(Sazima and Sazima 1977); the same authors reported 
Phyllostomus bats varying the size of their foraging 
group according to numbers of open flowers on La- 
foensia and Bauhinia trees. 

Despite the variability in foraging patterns, a few 
broad generalizations can be made. With regard to diel 
patterning of activity, most bats do not become active 
until around sunset, and therefore do not arrive at flow¬ 
ers until it is almost dark, in some cases not being 
present at feeding sites until at least an hour after 
dark. Infrared sensors increasingly indicate that peak 
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feeding may be well after midnight (e.g., Tschapka 
and von Helversen 2007). Many species then continue 
foraging almost until dawn, although the larger bats 
often have shorter feeding periods of around 3 hours 
(all else being equal), reflecting both their relatively 
lower metabolic costs and their often greater return 
flight time to the roost site. Howell (1979) reported 
that the 3 hour feeding bout of Leptonycteris bats cost 
about 63% of their total daily energy expenditure. 

New World flower-visiting species are almost al¬ 
ways encountered feeding in small flocks, and the 
mass-roosting larger Asian species also tend to break 
up into small groups, rarely more than 30-50, on any 
one tree, perhaps with some degree of territory hold¬ 
ing being involved (Gould 1978). These feeding flocks 
move from tree to tree together and may characteristi¬ 
cally revisit the same tree more than once each night, 
with short bouts of resting in between. Heithaus et al. 
(1974) showed that bats in flocks working Bauhinia 
flowers would almost completely drain all nectar from 
a visited flower; and that gaps between the pulses of 
visitation (averaging 21 minutes) appeared to corre¬ 
spond with the time taken for emptied flowers to refill 
with nectar. It is possible that group foraging is an ef¬ 
ficient way for large bats to utilize flowers that they 
can empty completely and that then refill reliably, es¬ 
pecially on trees that are widely spaced within a forest 
(Heithaus et al. 1975). Group foraging may also im¬ 
prove search efficiency and maximize exploitation of 
plant patches (Howell 1979). In practice it also means 
that each flock visits just a few flowering species on 
any one trip, and individuals thus carry only slightly 
mixed pollen loads, many species showing reasonable 
flower constancy per trip. 

As mentioned, smaller bats are more likely to for¬ 
age alone and operate in less organized fashion, rarely 
emptying a flower completely and often revisiting a 
flower more than once, then moving on to any nearby 
flowering tree. Smaller species also have relatively 
smaller wings, with lower aspect ratio, which increas¬ 
es their cost of flight, so that they tend to take more 
frequent rests. These rest periods again often lead to a 
degree of pulsing in the visit pattern and may allow 
time for some pollen to be groomed from the fur. Some 
bat species, of both small and large body size, tend to 
cluster in small groups during the rests between feed¬ 
ing pulses, and this aggregation behavior will probably 
help to conserve each bat’s body heat as the night air 
cools. 


Body size also affects foraging site on a particular 
tree for many bats, with larger species not surprisingly 
visiting the outer flowers, often higher in the tree, and 
smaller more maneuverable species working at all 
heights and often penetrating to flowers deep within 
the tree. 

Finally, some bats are alarmingly specific in their 
feeding; the endangered Leptonycteris curasoae ap¬ 
parently does not vary its home range from year to 
year but alters its foraging effort depending on the lo¬ 
cal abundance of Agave palmeri plants, so that its con¬ 
servation depends on maintenance of adequate agave 
populations (Ober et al. 2005). 

4. Bat Flowers 

General Morphology 

Bat-pollinated flowers are nearly always large and 
conspicuous, since easy detectability will decrease 
searching time for a foraging bat and so reduce the 
need for the plant to invest in nectar calories to offset 
its visitors’ costs. Typically the flowers have an open 
bowl or bell morphology (fig. 16.4; and see plate 
28A-E) giving easy access to the bat head and tongue, 
and with strong often fleshy corolla walls. The flowers 
are commonly set on a long and strong stalk to stand 
well clear of the foliage, and this stalk may be erect or 
may dangle well below the leaves (flagelliflory). An¬ 
other option is for the flowers to grow directly on the 
trunk or branches (cauliflory) to give strong support, a 
pattern common in many upright bat-pollinated cacti 
such as Carnegiea and Stenocereus, and in the calabash 
tree ( Crescentia , plate 28D). Alternatively, the flowers 
grow when the plant is leafless to ensure good access. 

The stamens are generally set well forward or out¬ 
ward from the flower, giving a gap under the anthers 
where the bats’ heads fit, and pollen deposition is 
therefore usually nototribic on the top or back of the 
head. Alternatively, there are very large numbers of 
more delicate stamens that the bat pushes into when 
seeking the deeper-sited nectar, and here the anthers 
deposit pollen all over a visitor’s face and snout, or all 
over its underside as in the kapok tree ( Ceiba ) polli¬ 
nated by bats in its native Neotropics and in most of 
the tropical countries it has now been spread to (Gribel 
et al. 1999). 

Beyond these generalizations, table 16.1 gives a 
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Ceiba 

(Malvaceae) 


Figure 16.4 Typical bat flowers, open bowl or bell 
shaped, with long stalk or borne on trunk, 
stamens usually directed forward or outward. 
(Drawn from photographs.) 


range of examples of bat-pollinated flowers, and they 
can be fairly readily divided into two main morpho¬ 
logical types (Vogel 1958) spread across many plant 
families (although particularly well known from the 
Bombacaceae). 

Brush-Blossom Types 

These may occur as either single flowers or inflores¬ 
cences. An example of a single brush flower occurs 
in the African baobab tree ( Adansonia ), with large 
creamy-white flowers (plate 28E) dangling below the 
foliage. Each flower has a ball or brush of anthers 
hanging just below the petals, and a very long stigma 
extending even lower (fig. 16.5). 

Inflorescence brush blossoms are the commoner 
design, with many tiny flowers each contributing their 
long anthers to the overall effect. In most cases the 
blossom is upward facing. Nectar may be produced in 
each individual flower or in bracts separate from the 


tiny flowers (e.g., Marcgravia). However, it is not un¬ 
common for the blossom to be a mix of a few male 
flowers with abundant nectar and many nectarless her¬ 
maphrodite flowers; for example, in some Albizia spe¬ 
cies (plate 8B) where there is often just one large cen¬ 
tral male floret. Having such a mix helps to increase 
both the overall pollen amount (Heithaus et al. 1974) 
and the pollen to ovule ratio, as in Pseudobombax 
(which in some species offers no nectar at all). 

Mimosa lewisii is a good example of an exclusively 
bat-pollinated brush-blossom flower from a genus that 
is normally entomophilous. It is unusual compared to 
most chiropterophilous plants in having rather small 
flowers without a strong scent, but is typical in other 
respects, the flowers being white and producing copi¬ 
ous dilute nectar only by night, having unusually 
stiff filaments and styles, and inflorescences set well 
above the foliage (Vogel et al. 2005). Various members 
of the normally entomophilous Myrtaceae (e.g. some 







Table 16.1 

Types of Bat-Pollinated Flowers 
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Brush blossoms 

Single flowers 

Adansonia 

Baobab 

Bombacaceae 

Madagascar, Africa, 
Australasia 

Angophora 


Myrtaceae 

Australia 

Sonneratia 

Mangrove apple 

Myrtaceae 

Africa, Asia, Australia 

Inflorescences 

Ceiba 

Kapok tree 

Bombacaceae 

Pan-tropical 

Mabea 


Euphorbiaceae 

Neotropics 

Parkia 


Fabaceae (mimosoid) 

Pan-tropical 

Agave (some) 


Agavaceae 

Neotropic deserts 

Banksia (some) 


Proteaceae 

Australia 

Barringtonia 


Lecythidaceae 

Madagascar 

Planchonia 


Lecythidaceae 

Southeast Asia 

Eucalyptus (some) 

Gum tree 

Myrtaceae 

Australasia 

Pseudobombax 

Shavingbrush tree 

Bombacaceae 

Neotropics 

Hymenaea 

Flour tree 

Fabaceae 

Neotropics 

Crevillea (some) 


Proteaceae 

Australasia 

Melaleuca 


Myrtaceae 

Australasia 

Gullet or bell flowers 

Bauhinia 

Orchid tree 

Fabaceae (caesalpinoid) 

Tropical 

Bombax 

Silk cotton tree 

Bombacaceae 

Pantropical 

Burmeisteria 


Campanulaceae 

Neotropics 

Carnegiea 

Saguaro 

Cactaceae 

Neotropic deserts 

Durio 

Durian 

Bombacaceae 

Southeast Asia 

Cayaponia 


Cucurbitaceae 

South America 

Cheirostemon 


Malvaceae 

South America 

Cobaea 

Cup and saucer 

Polemoniaceae 

South America 

Epeura 


Fabaceae 

Pan-tropical 

Freycinetia 


Pandanaceae 

Southeast Asia, Australasia 

Hillia 


Rubiaceae 

Neotropics 

Kigelia 

Sausage tree 

Bignoniaceae 

Africa 

Lafoensia 


Lythraceae 

Tropical 

Louteridium 


Acanthaceae 

Neotropics 

Mucuna (some) 


Fabaceae 

Pan-tropical 

Ochroma 

Balsa tree 

Bombacaceae 

Neotropics 

Oroxylum 

Tree of Damocles 

Bignoniaceae 

Southeast Asia 

Parmenteria 


Bignoniaceae 

Neotropics 

Symbolanthus 


Gentianaceae 

South America 

Trianaea 


Solanaceae 

South America 

Trichant ha 


Acanthaceae 

Neotropics 

Other designs 

Passiflora (some) 

Passion flower 

Passifloraceae 

Tropical 

Marcgravia 


Marcgraviaceae 

Neotropics 

Musa (some) 

Banana, plantain 

Musaceae 

Pantropical 

Protea (some) 

Sugarbush 

Proteaceae 

Southern tropics 
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Figure 16.5 Baobab flower {Adansonia digitata ) on long pendant 
stalk, and with asymmetrically directed style. See also plate 28. (Mod¬ 
ified from Proctor et al. 1996, based on earlier sources.) 


Eucalyptus and Melaleuca species) also have smallish 
brush blossoms that are visited by lighter-bodied spe¬ 
cies of Pteropus throughout Australasia (Beardsell 
et al. 1993). 

Some Parkia species, such as P. clappertoniana 
from West Africa, are fairly specialist examples of this 
kind, with dangling inflorescences where hermaphro¬ 
dite flowers form a ball on which a bat can cling with 
its hind legs (fig. 16.6). At the top of this ball are a 
smaller number of sterile flowers that secrete nectar, 
which accumulates in a groove at the top of the inflo¬ 
rescence. The flowers are initially purple but become 
rapidly paler and emit a fruity odor. 

Gullet Types 

These have a bell shape or a flared-trumpet shape, giv¬ 
ing a substantial “front view” to the flower, but with 
the corolla narrowing at the base where the nectar is 
sited. Stamens and stigma may lie along either the up¬ 
per or lower surface of the bell, but the anthers always 
protrude at least slightly, to deposit pollen on the bat’s 




Figure 16.6 Parkia inflorescence, with upper sterile flowers secreting 
nectar into a common groove, and lower reproductive flowers; also 
showing the positioning of a visiting bat. (Redrawn from Faegri and 
van der Pijl 1979 and later sources, and from photographs.) 


head or throat. Many examples come from genera that 
also have hummingbird-pollinated species. Some of 
the flowers are very large, where the bat enters and 
clings on, but many are quite small and only the face 
of a hovering bat enters the corolla. Century plants 
(Agave) in arid zones are classic examples, with 30-70 
mm deep flared tubular flowers arranged in panicles. 
In Agave palmeri the timing of seed set as a function 
of time visited (fig. 16.7) reflects the efficacy of bat 
foraging (Howell and Roth 1981). 

The sausage tree (elephant tree) Kigelia is a fine 
example of a large bat-pollinated gullet flower from 
the African savannas, with pale or dark red fleshy and 
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Time of day 


Oawn from photographs.) 



unpleasantly sour-smelling flowers (fig. 16.8, plate 
28B) hanging on very long stalks. Each flower may be 
70-80 mm deep and with a front-on diameter of 120 
mm. The lower inside surface of the corolla has a 
wrinkled surface, presumably enhancing the visiting 
bat’s grip. A similar kind of display—multiple large 
flowers on a long dangling stem—is seen in Ochroma, 
the balsawood tree, and in some Mucuna, which may 
be white or cream but also occasionally dark red. 


However, most other gullet flowers are markedly 
smaller than these examples, and instead of dangling 
are held close to a branch for support. 

One example familiar outside the tropics is the cup- 
and-saucer vine Cobaea, widely grown as an orna¬ 
mental scrambling climber in temperate gardens. It has 
cup-shaped green flowers up to 50 mm across and with 
a flared rim, turning dull purple later (plate 28A), and 
with a strange rather sickly-sweet vegetable scent. 
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Other Designs 

The banana genus Musa has different pollinators in 
different continents and for different species, but some 
Asian bananas are strongly associated with Macro- 
glossus bats. The creamy flowers are tubular and 
downward pointing, aligned in a row beneath a large 
dark-red bract on which the bat hangs. 

Bats are also common pollinators of certain man¬ 
grove species. Fruit bats and flying foxes use the trees 
as roosts as well as for food, and roosts of over 200,000 
individuals of Pteropus have been recorded in Austra¬ 
lian mangrove swamps. The mangrove genus Sonner- 
tia in Malaysia is largely pollinated by the long- 
tongued fruit bat Macroglossus minimus that roosts in 
it, and by the cave fruit bat Eonycteris spelaea , whose 
roosts can be as much as 35-40 km distant (Hogarth 
1999). The mangrove flowers last only one night, get¬ 
ting heavily damaged by visiting bats, and they have 
particularly long protruding stamens that deposit large 
quantities of pollen on the bats’ fur. M. minimus seems 
to have a specialist relationship with this mangrove, 
and has never been recorded away from mangrove ar¬ 
eas in Malaysia, where one species of Sonnertia flow¬ 
ers all year around and two others produce flowers in 
flushes for up to 9 months of each year. 

The genus Passiflora, with its own unique morphol¬ 
ogy (fig. 11.1), includes some species such as P. mu- 
cronata, white and nocturnal and with extra large an¬ 
thers sited very high above the other floral parts, that 
are associated with bat visitation (Sazima and Sazima 
1978). 

Timing 

Chiropterophilous flowers typically open at dusk or in 
the early hours of the night and offer pollen and nectar 
rewards throughout most of the night. Flowers usually 
only last one night, during which they can become 
quite tattered and claw-marked by the bats’ activities; 
shriveling after one night may help deter further visi¬ 
tors and protect the fertilized ovules, since these large 
flowers would represent a good-sized meal to many 
potential florivores. Rather few species last 2-3 nights, 
these often being protandrous (male on the first night, 
female thereafter; e.g., Cobaea and Agave species). 
Very rarely, flowers lasting more than one night con¬ 
tinue to secrete nectar by day and become joint bat- 


and-bird flowers (some American desert cacti species, 
some Puya species in South America, and Aphelandra 
acanthus in Andean cloud forests; Muchhala et al. 
2009). 

Although each flower commonly lasts only one 
night, bat-pollinated flowers are usually produced over 
a long period, often much longer than nonbat flowers 
in the same genus. Mucuna holtonii inflorescences 
may persist for more than 6 weeks, and Cleome morit- 
ziana for up to 5 months, where others in these genera 
commonly last just a few days. This longevity of flow¬ 
ering at the level of the plants presumably exploits the 
good spatial memory of bats. 

Pollen and Nectar Characteristics 

Bat plant pollen has been studied by several authors, 
many finding large grain size to be characteristic (e.g., 
Chavez 1974; Taylor and Levin 1975; Stroo 2000). 
Ferguson and colleagues also supported a link between 
a particular form of net-like ornamentation (verrucate 
pollen) and bat pollination (Ferguson 1985, 1990; Fer¬ 
guson and Skvarla 1982; Klitgaard and Ferguson 
1992). The last study avoided some of the phylogenetic 
pitfalls by comparing bird-, moth-, and bat-pollinated 
species within just two caesalpinioid genera, again 
concluding that a verrucate surface was associated 
with bats. However, Dobat and Peikert-Holle (1985) 
refuted this, and the comparative study by Stroo (2000) 
came to the same conclusions using 130 species across 
50 genera. Stroo found only increased grain size as a 
significant difference for bat-pollinated flowers, the 
mean diameter being 72 pm (compared to 64 pm for 
related but not bat-pollinated species); but he also 
showed a correlation between pollen size and style 
length, indicating a simple allometric effect (i.e., bat 
flowers are inevitably rather large, and so inevitably 
have longer styles and larger pollen grains). His study 
sample of bat plants included virtually every type of 
surface ornamentation found in pollens. 

There are commonly very large amounts of pollen 
per flower, since so many bats will eat quantities of the 
grains. Bat tongues cannot readily transfer pollen, so 
pollen grain movement between flowers happens al¬ 
most entirely via the fur. Bats caught during a trip may 
be very heavily dusted with pollen externally but nor¬ 
mally have little or no pollen in their guts, indicating 
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that those that eat it do so later when grooming; hence 
they can potentially transfer many pollen grains be¬ 
tween plants within one trip. For the plant, providing 
unusually large pollen amounts is often achieved by 
having a proportion of purely male flowers among the 
normal hermaphrodites, as in some Bauhinia, Cleome, 
and Albizia. Alternatively, there may be larger numbers 
of stamens or larger thecae on each anther; and many 
bats will eat both pollen and anthers. The large amount 
of pollen may also be related to the large surface area 
of bats relative to the surface area of stigmas they must 
subsequently encounter (Heithaus et al. 1974). 

From a nutritional perspective, pollen in bat flowers 
was reported to have higher protein content than nor¬ 
mal (Flowell 1974), so that captive Leptonycteris bats 
could survive in good health if given only bat flower 
cactus pollens as their nitrogen source. The night¬ 
flowering bat-visited Agave americana produces pol¬ 
len with a remarkable 43% protein content. There have 
also been suggestions of specific bat-related amino ac¬ 
ids in pollen; but the supposedly high levels of tyrosine 
and proline in Carnegiea and certain agaves are prob¬ 
ably a reflection of large flower size and the require¬ 
ments for rapid pollen tube growth, rather than a coevo¬ 
lutionary provision for bat feeders (see the discussion 
in chapter 7). 

Most bat flowers have a very large nectar reward, in 
keeping with the large body size and high energy de¬ 
mand of the visitors; Voigt et al. (2006) showed that 
the field metabolic rate of nectarivorous bats was com¬ 
monly twice that of similar-sized frugivorous species 
in similar habitats (fig. 16.9A) and suggested that nec¬ 
tar supplies have been selected to push pollinators to 
the limit and so ensure their multiple visitations. The 
nectar gathered is almost invariably dilute, recorded 
with a range of 3%-33%, but most commonly restrict¬ 
ed to 15%-17% (von Flelversen 1993). It is therefore 
nonviscous and allows fast uptake by the licking ac¬ 
tion of the bat tongue, though sometimes it is rather 
mucilaginous, which may help to deter sphingid moths 
active at the same times but with a capillary tongue. 
Glossophaga bats feeding on particularly dilute nec¬ 
tars increased their volumetric consumption but still 
gained less energy overall, and as a result they in¬ 
creased their feeding time and resting time; whereas 
bats taking their preferred higher concentrations had 
longer flying times (Ayala-Berdon et al. 2009). 

Typical flowers for glossophagine bats secrete a 


minimum of 0.1 ml nectar each night but can go up to 
around 2 ml (Voigt et al. 2006), while the flowers fed 
on by large Old World bats sometimes exceed 20 ml 
per night (Dobat and Peikert-Holle 1985). In New 
World bat flowers the nectar is commonly glucose-rich 
(Baker et al. 1998), although this is not necessarily 
true of Old World plants, and different bats offered 
choices showed no preferences between hexoses and 
sucrose (Rodriguez-Pena et al. 2007). 

In a few cases referred to earlier, bat-pollinated 
flowers offer alternative rewards in the form of sugary 
bracts or floral tissues that are eaten. 

5. The Bat Pollination Syndrome: 
Chiropterophily 

On the basis of the preceding sections, it is rather easy 
to put together a list of the characteristics that typify 
chiropterophilous flowers, expanding on the informa¬ 
tion given in table 11.1. 

1. Anthesis, dehiscence, and nectar secretion occur¬ 
ring mainly at dusk and through the night 

2. Flowers lasting only one night, but with a long 
flowering period for the plant 

3. Flower usually large, bell or bowl shaped 

4. Flowers set well away from foliage, often on a 
long stalk 

5. Corolla walls often thickened, fleshy 

6. Dull colors, white for dusk flowers or cream/ 
beige/greenish for night flowers 

7. Absence of visual or scent nectar guides 
(although the petal shape may act as an echo- 
location guide) 

8. Strong fruity or fermenting scents, often with 
sulfide components 

9. Stamens numerous, anthers protruding, plentiful 
pollen 

10. Large to very large volumes of low-concentration 
nectar 

11. Large spatial separation between nectar supply 
and the anthers when dehiscing and the stigmas 
when receptive 

Bat flowers are therefore relatively easy to distinguish 
when they are fairly exclusively pollinated by these 
nocturnal mammals, although a proportion of them 
have less clear-cut traits when they are also visited by 
diurnal birds or insects (see below). 
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Figure 16.9 (A) Log-log plot of the field meta¬ 
bolic rate of different bats against body mass: 
the solid line is the regression for glossophag¬ 
ine bats, and the dotted line that for other eu- 
therian mammals (redrawn from Voigt et al. 
2006). (B) Hovering expenditure of bats, hum¬ 
mingbirds, and sphingid moths compared, 
showing the (log-log) regression lines for hov¬ 
ering power input against body mass: the three 
groups overlap, but bats have much the largest 
bodies (redrawn from Voigt and Winter 1999). 


6. Overview 

How specialized is chiropterophily? Bats are relatively 
recent arrivals in evolutionary terms, appearing in the 
Eocene around 50 MYA, with the vegetarian bats of 
both orders probably arising only some 15-25 MYA 
(Marshall 1983; Dobat and Peikert-Holle 1985). Some 
of the flower genera that they visit occur naturally in 
both Old and New World tropics, so are assumed to 
have evolved well before bats appeared, that is, before 
the breakup of the southern continent Pangaea, or at 


least before the separation of Africa and South Ameri¬ 
ca. Bats have then learned to exploit these flowers con- 
vergently in different continents, resulting in very 
similar visitation syndromes. And where bat-pollinated 
plants have been introduced to a new area by man, the 
local bat fauna has rapidly learned to visit them; ex¬ 
amples include Musa, Kigelia, and Durio, which are 
aliens in the New World, and Agave, which has been 
widely introduced into the Old World. This again 
seems to indicate a rather specific bat pollination syn¬ 
drome. The similar use of bat-like smells with volatile 
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components in common may also be indicative of spe¬ 
cific coevolution between bats and their flowers. 

Many bat-pollinated plants occur in genera where 
other species are pollinated by birds, or by hawkmoths, 
or much less commonly by bees. Bird flowers are 
linked to bat flowers by their size and robust build and 
their high rewards, while hawkmoth flowers share the 
nocturnal habit and coloration, so it is quite feasible 
that many bat-pollinated plants had ancestors from 
one or other of these sources. In fact, some flowers 
show a mixed bat-and-bird syndrome; a good example 
is the cactus Marginatocereus from Mexico, with red 
flowers that open both by day and by night, pollinated 
diurnally by hummingbirds and nocturnally by bats. 


As hummingbirds are rare, and there is strong compe¬ 
tition from other synchronously flowering nocturnal 
bat-visited cacti, this is assumed to be a fail-safe strat¬ 
egy to ensure that some pollination does occur (Dar 
et al. 2006). 

Bats also have some significance as crop pollina¬ 
tors (see chapter 28), pollinating up to 6% of all culti¬ 
vated crops, and for example being the main visitors to 
agave in Mexico. They are also key pollinators of duri¬ 
an (Durio zibethinus), a commercially important and 
much-prized fruit crop in Malaysia (Start and Marshall 
1976), where the visiting Eonycteris bats rely on man¬ 
groves for food in the 8-10 months of the year when 
durians are not in flower. 


Chapter 17 

POLLINATION BY NONFLYING VERTEBRATES 
AND OTHER ODDITIES 


Outline 

1. Ectotherm Vertebrates Visiting Flowers 

2. Pollination by Nonflying Mammals 

3. Pollination by Unusual Invertebrates 


Birds and bats are well known as pollinators, and each 
has merited its own chapter, but there are also some 
rather infrequent instances of pollination by other ver¬ 
tebrates, lacking any kind of true flight but able to ac¬ 
cess flowers either by climbing and gliding among 
trees or by seeking pendant flowers close to the ground. 
Most are mammals, but we deal first with a few cases 
of pollination from the lower vertebrates. 

1. Ectotherm Vertebrates Visiting Flowers 

Are the vertebrate ectotherms—fish, amphibians, and 
reptiles—of any value to flowers as pollinators? Fish 
are not recorded as flower visitors, for fairly obvious 
reasons. But they are at least occasionally facilitators 
of the pollination process for shoreline pond plants, 
where they prey on animals that compete with or re¬ 
duce pollinator populations. A clear example was re¬ 
ported for fish consumption of dragonfly larvae, which 
otherwise as adults preyed on butterflies and bees 
(Knight. McCoy et al. 2005). Frogs have also not been 
clearly identified as pollinators, though a few species 
do take moderate amounts of pollen in their diets when 
wind-dispersed pollen from pines, oaks, and other 


trees falls onto pond surfaces and provides a short¬ 
term bonanza of protein (although this does not appar¬ 
ently enhance the animals’ growth rates). Some tree 
frogs are regularly found resting within the protective 
corollas of Neotropical flowers, including large mag- 
noliids, and they may also enter the chambers of cer¬ 
tain carrion flowers such as Amorphophallus, where 
they could get the dual advantages of a warm humid 
site and a supply of flies; in either of these situations, 
some pollen transfer may occasionally occur. 

These are disappointing negatives, but—although 
disregarded until recently—it is now clear that rep¬ 
tiles, and specifically lizards, do visit flowers and can 
sometimes be important as pollinators. This is espe¬ 
cially the case on islands (Olesen and Valido 2003), 
perhaps because the reptiles achieve higher densities 
there due to lower predation risk. 

1. Eifler (1995) reported that geckos in New Zea¬ 
land (specifically in some small off-shore islands) are 
able to prise open flowers of New Zealand flax 
(Phormium tenax) and suck up the nectar. They also 
feed from Metrosideros flowers, and in both cases they 
become dusted with pollen on their throat areas. The 
scales in that site are unusually modified and carry 
substantial amounts of these pollens, so the relation¬ 
ships do appear to have a degree of coadaptedness. 

2. On the Balearic Islands, lacertid lizards feed at 
and pollinate certain Euphorbia flowers (Traveset and 
Saez 1997) and may carry a few hundred pollen grains 
on their bodies. Lizards also visit flowers on some 
other Mediterranean islands (Perez-Mellado and Ca¬ 
sas 1997) and on Madeira (Elvers 1977). 
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Figure 1 7.1 Trochetia flower with a feeding Phelsuma lizard, from 
Mauritius. (Drawn from photographs in Hansen et al. 2006.) 


3. In Mauritius, the endemic gecko Phelsuma cepe- 
diana is a fairly generalist flower visitor (Nyhagen et 
al. 2001) but it also more specifically pollinates the en¬ 
demic plant Trochetia blackburniana (fig. 17.1) while 
feeding on its nectar (Hansen et al. 2006; Hansen, 
Kiesbuey et al. 2007). This interaction is especially 
unusual in that the flower has brightly colored nectar 
(see chapter 8) which was an unsolved mystery for 
many years until Hansen et al. (2006) demonstrated 
that this served as a specific attractive visual signal to 
lizards. 

4. Lizards are one of several effective pollinators of 
Erythrina velutina on an island off the coast of Brazil 
(Sazima et al. 2009); other pollinators are mainly 
perching birds. 

5. Lizards also show some potentially pollinating 
interrelationships with a few of the carrion flowers dis¬ 
cussed in earlier chapters. On Corsica particular spe¬ 
cies are regular visitors to the dead-horse arum, Heli- 
codiceros muscivorus, where they bask on the warm 
dark red thermogenic tissue and feed on incoming 
flies, even inserting their heads fully into the chamber 
in pursuit of the flies, thus emerging with significant 
pollen on their snouts. 

6. Perhaps even more surprising are the findings of 
Olsson et al. (2000) that lizards can act as pollinators’ 
“hired help.” The snow skink in Tasmania tears open 


the fused petals of flowers on the honey bush ( Richea ) 
to feed on nectar, and without this action seed set (via 
abiotic means or biotic pollination from insects that 
then have access) cannot occur. 

2. Pollination by Nonflying Mammals 

Although it has long been known that a range of non¬ 
flying mammals will visit flowers and perhaps polli¬ 
nate them (e.g., Sussman and Raven 1978; Goldingay 
et al. 1991), it is only fairly recently that genuine in¬ 
stances of pollination by such animals have been prop¬ 
erly documented, as reviewed by Carthew and Goldin¬ 
gay (1997). The term eutherophily has been employed 
by some, but is not entirely helpful since bats are also 
eutherians. 

It is now clear that there are examples of mamma¬ 
lian pollination in all of the southern continents (Aus¬ 
tralia, Africa, and South America; see table 17.1), in¬ 
volving mammals as various as marsupials, rodents, 
shrews, lorises, monkeys, and lemurs (table 17.2). 
There are well-documented examples of pollination 
by 60 or more species of mammal across 20 families, 
with at least 17 species of marsupial well studied and 
28 species of primate somewhat less well known. 
More of the nonmarsupials probably occur in Asia, but 
their nocturnal habits and the lack of studies there 
leave them under-represented in the literature; new ex¬ 
amples emerge regularly, for example, the observa¬ 
tions that in southeast Asian forests squirrels can also 
be effective pollinators (Yumoto et al. 1999). There are 
also less convincing records of pollination by large ter¬ 
restrial grazing mammals in Africa, which will need 
some critical attention (see below). 

Flowers that receive the attention of the varying 
taxa of nonflying mammals occur in at least 85 spe¬ 
cies, from 19 families (table 17.3) and are often clearly 
related to plants pollinated by bats or by birds, sharing 
some of the same characteristics such as large size and 
robust build. Proteaceae and Myrtaceae are the best 
represented families (tables 17.2 and 17.3). A propor¬ 
tion of the plants are in fact also pollinated by either 
birds or bats as well as by their nonflying visitors. Thus 
species within bat flower genera such as Ochroma, 
Mabea, and Adansonia are visited by typically small 
arboreal mammals such as marsupial opossums (Stein¬ 
er 1981), or the small primates (lorises such as bushba- 
bies, and occasional monkeys), although these can also 
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Table 1 7.1 

Nonflying Mammal Pollinators: Habitats and Plant Families across Different Continents 


Land mass 

Habitat type 

Main pollinators 

Main families 

South America 

Rainforest 

Monkeys 

Bombacaceae 

South Africa 

Mediterranean fynbos 

Rodents 

Proteaceae 

Madagascar 

Wet and dry forest 

Lemurs 

Various 

Australasia 

Mediterranean and forest 

Marsupials 

Proteaceae, Myrtaceae 


Table 1 7.2 

Marsupial and Placental Mammal Pollinators 



Family 

Genus 

Common name 

Body mass (g) 

Australia 





Marsupials 

Acrobatidae 

Acrobates 

Feathertail glider 

10-15 


Burramyidae 

Cercartetus 

Pygmy possum 

15-30 


Dasyuridae 

Antechinus 

Dibbler, antechinus 

20-60 


Petauridae 

Petaurus 

Sugar glider 

90-140 


Tarsipididae 

Tarsipes 

Honey possum 

7-18 

Placentals 

Muridae 

Mus 

Mouse 

90-1 30 



Rattus 

Rat 


South and Central Africa 




Marsupials 

Didelphidae 

Didelphus 

Opossum 

up to 5 kg 

Placentals 

Muridae 

Aethomys 

Namaqua rock mouse 




Praomys 

Verreaux's mouse 




Mus 

Mouse 




Rhabdomys 

Striped field mouse 



Gliridae 

Graphiurus 

African dormouse 

18-30 


Soricidae 

Grocidura 

Musk shrew 



Macroscelididae 

Elephantulus 

Elephant shrew 



Primates 


Monkeys, lorises. 

up to 15 kg 




galagos, lemurs 



Carnivores 


Viverrids 


South and Central America 




Placentals 

Primates 


Monkeys 



Carnivores 

Rodents 


Procyonids 



be entirely destructive of flowers (Riba-Hernandez 
and Stoner 2005). Occasionally there are even visits 
by small carnivores such as genets (Viverridae) and 
kinkajous (Procyonidae), and there are good records of 
Ochroma pollination by a coati (Procyonidae, Nasua; 
Mora et al. 1999). Likewise, flowers classically associ¬ 


ated with perching birds, such as Telopea (Goldingay 
and Whelan 1993) and Combretum in Africa, are also 
visited by small possums, and ornithophilous flower¬ 
ing trees may provide favorite foods for monkeys 
(plate 28H). On the other hand there are flowers that 
appear to be predominantly visited by the nonflying 
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Table 1 7.3 

Flowers Regularly Visited by Nonflying Mammals 


Family 

Genera 

Species 

Species of 
mammals 

recorded 

Proteaceae 

8 

28 

14 

Myrtaceae 

9 

27 

9 

Bombacaceae 

5 

9 

14 

Capparidaceae 

4 

5 

4 

Leguminosae 

2 

2 

6 

Euphorbiaceae 

2 

2 

5 


Plus single species from 1 3 other families; see Carthew 
and Goldingay 1997. 


animals but that also get a few visits from bats or birds. 
Thus within some Australian genera there are species 
mainly visited by birds, other visited mainly by small 
mammals, and others again that appear to be serviced 
almost equally by both groups; Protea , Banksia, and 
Dryandra serve as good examples (e.g., Paton and 
Turner 1985; Hackett and Goldingay 2001). Some of 
the differences between species of genera with mam¬ 
mals and other groups as pollinators are summarized 
in table 17.4. Two examples of mammal flower visita¬ 
tion are shown in plate 28, F and G. 

It requires careful study to detect which of the visi¬ 
tors can be effective as pollinators and then to deter¬ 
mine which are the most effective and genuinely im¬ 
portant; Carthew and Goldingay (1997) gave a good 
summary of evidence. The balance of effectiveness of 
different pollinators may itself vary through time and 
space. Hence defining just where the syndrome of pol¬ 
lination by nonflying mammals begins is somewhat 
difficult, although the availability of closely related 
species with differing characteristics and different pol¬ 
linators does provide useful comparative material. 

Characteristics of Mammal-Pollinated Flowers 

It is probably necessary to divide these into two mor¬ 
phological categories, with different kinds of visitor: 

1. Ground-level ( geoflorous ) flowers, visited by ro¬ 
dents, or marsupial mice and rats. Flowers are either 
large and bell shaped, or smaller but borne in large 
clustered inflorescences, protruding sideways or down¬ 


ward from the foliage so that they are inconspicuous 
or concealed from above, and carried on short stout 
stems. There may be a guard of strong or even stinging 
hairs. Generally the corollas are dull in color, often 
green, brown, or dull purple, sometimes white. Nectar 
is profuse, accumulating in some part of the flower 
(often in troughs), occasionally even overflowing onto 
the ground below. The style is strong and protruding 
and sometimes hooked and wiry (at least in Proteace- 
ae) to facilitate pollen pickup from fur (Carpenter 
1978a). Anthesis is generally crepuscular or nocturnal, 
with flowers open over 1-2 nights. One unusual but 
consistent finding is the occurrence of the pentose 
sugar xylose in some species of rodent-pollinated Pro- 
teaceae, a sugar disliked by insects and birds but ap¬ 
parently favored by flower-visiting mice (Jackson and 
Nicolson 2002). 

2. Arboreal flowers, visited by monkeys, opossums, 
lemurs, etc. Conspicuous upright blossoms are borne 
on clusters with short or no stalks, positioned a little 
below the tips of branches but clear of the leaves. A 
tough perianth of fused petals or sepals forms a cup for 
nectar which can be lapped up, requiring tongue or 
snout to be pushed among the brush of protruding sta¬ 
mens. Flowers often open en masse , giving a large dis¬ 
play and large reward, so that even if some are dam¬ 
aged (especially by monkeys) there are enough to set 
seed. Colors vary from creams and greens (nocturnally 
visited) to bright reds especially where diurnal mon¬ 
keys are active. 

These two groups also share some common features. 
The nectar is of high volume and dilute or only moder¬ 
ately concentrated, dominated by sucrose, and occa¬ 
sionally also having a high alcohol content resulting 
from fermentation (making it attractive to some ro¬ 
dents and primates where alcohol tolerance can be 
high; Wiens et al. 2008). The pollen is abundant and 
readily released by slight disturbance to the flower; 
and the flowers are commonly relatively lightly scent¬ 
ed, with yeasty or slightly musky odors. 

Flowers with these suites of characteristics occur in 
rather different habitats in different continents as 
shown in table 17.1. In South America they are par¬ 
ticularly associated with tropical rain forests (arboreal 
types, visited by monkeys; e.g., various Bombacaceae) 
and with higher-altitude cloud forests (shorter but dense 
vegetation, and high winds, where other pollinators are 
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rare; e.g., Blakea\ Lumer and Schoer 1986). In South 
Africa, mammal pollination is mainly recorded in the 
fynbos flora, a low scrubby Mediterranean-type region 
with hot dry summers, where ground-dwelling rodents 
are abundant and can readily pollinate low-growing 
Proteaceae as well as some bulbous plants, and where 
primates such as baboons may use floral nectars in al¬ 
oes as a valuable water resource in the parched sum¬ 
mer (Nicolson 2007). The rodent-pollinated Protea 
species are typically bushy plants having concealed 
dull flowers close to the ground; the concealment of 
flowers may help reduce nectar robbery by birds or 
insects, while also providing feeding places where the 
rodents are hidden from predatory birds. Johnson et al. 
(2001) documented pollination by four species of ro¬ 
dent in a Massonia lily (plate 28F), which they inves¬ 
tigated largely because of its convergent resemblance 
to unrelated Protea species. In Australia, there are 
again Protea species of this habit, together with many 
Banksia and Dryandra species from the same family 
with bushy growth and low concealed flowers. 

Characteristics of the Flower Visitors 

For most of the small mammals that can pollinate 
flowers, nectar is only a part of their diet, sometimes 
available only for part of the year, so that the animals 
show little or no specialist adaptation to the flowers 
that they utilize. Most of them regularly take seeds, 
leaves, fruits, or insects as well as nectar, plus some 
pollen and flower tissues. For example, tamarin mon¬ 
keys ( Saguinus) in Brazil were shown to take nectar 
extensively in the dry months of July and August, con¬ 
centrating on the flowers of Symphonia for about 25% 
of their feeding time, and apparently trap-lining be¬ 
tween the trees of this species (on average more than 
100 m apart); but they destroyed most of the flowers 
they fed at (Garber 1988) by lifting the corolla off the 
receptacle before licking the petals and discarding the 
bloom. Small arboreal New World opossums do show 
great agility in accessing flowers, aided by a long pre¬ 
hensile tail, but the same characters are equally re¬ 
quired for feeding on fruits in the same localities. Few 
if any of these animals show any special characteris¬ 
tics of the mouth or tongue, and most cannot extend 
the tongue significantly beyond the snout tip. 

The only exception to this lack of specialism may 


A 



10mm 



Figure 1 7.2 Tongue of honey possum (Tarsipes rostratus), and the ap¬ 
proximate position of head and snout when feeding from a bottle¬ 
brush flower. (Drawn from photographs.) 


occur in Australia, where some of the flower visitors 
(mainly but not solely marsupials) show specific mor¬ 
phological traits that are linked to their flower-visiting 
habits (Armstrong 1979; Turner 1982). The genera 
most commonly recorded as pollinators are shown in 
table 17.2; most of them visit the brush-blossom flow¬ 
ers of Proteaceae and Myrtaceae, which are available 
all year round in the warmer parts of the continent. 
Many have nectar and pollen as the largest part of their 
diets, with relatively small contributions from insects. 
Sugar gliders and squirrel gliders ( Petaurus ) take nec¬ 
tar and pollen predominantly in many habitats, but 
larger amounts of homopteran exudates (honeydew) 
in low-diversity marginal zones (Holland et al. 2007). 
The honey possum ( Tarsipes rostratus) is the best 
known of all these Australian mammals (fig. 17.2), be¬ 
ing an obligate nectarivore, smaller than most of its 
kin (and smaller than most of the flowers that it visits), 
and with an extended narrow snout that can probe into 
flowers for nectar. It has much reduced dentition, the 
small teeth helping to guide the tongue, which is long 
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and brush tipped. The teeth also work together with 
ridges on the palate to scrape pollen and nectar off the 
tongue as it works in and out of the mouth. The honey 
possum is mainly nocturnal, but will feed on flowers 
by day in cool cloudy conditions. In common with the 
other marsupials listed in table 17.2, it has a modified 
gut morphology that is suited to digestion of large 
quantities of pollen. It also has an unusually low main¬ 
tenance nitrogen requirement compared with other 
marsupials (Bradshaw and Bradshaw 2001), in keep¬ 
ing with the relatively poor nitrogen provision from 
pollen. It is a very common pollinator of Proteaceae, 
and in one area 97% of individuals captured had Bank¬ 
sia nutans pollen on their fur (Wooller and Wooller 
2003). 

Evidence for Effective Pollination 

For Australian Banksia species that were accessible to 
varying kinds of visitors and that had visits throughout 
the 24 h cycle, Carpenter (1978b) provided evidence 
that both birds and rats caught near the plants carried 
significant pollen loads, and that pollen deposition was 
more effective onto the snouts of the rats than onto the 
(longer) bills of birds. In the same habitats, and again 
using Banksia species that attracted both kinds of visi¬ 
tor, Goldingay et al. (1991) found similar levels of 
seed set resulting from nocturnal pollination (by mam¬ 
mals) and diurnal pollination (predominantly by birds). 
They further showed that both the sugar glider and the 
antechinus (see table 17.2) could carry very substan¬ 
tial pollen loads after flower visits. Carthew (1993, 
1994) went on to show that the behavior of these mar¬ 
supials on the flowers was much more appropriate for 
effecting pollination than that of the eastern spinebill, 
one of the commonest avian visitors; and that the mar¬ 
supials made at least as many trips between flowers as 
did the birds, often making large interplant movements 
using their terrestrial trails between the flowering 
Banksia plants. 

Rodent visits to Protea species in South Africa are 
harder to observe as the flowers are hidden, but records 
from specimens caught in traps or photographically 
indicated substantial pollen carriage on snouts (Wiens 
et al. 1983). These authors also calculated that the nec¬ 
tar from the long-lasting Protea inflorescences would 
support all the local small mammal pollinators for 


many days. Hence when flower heads were bagged to 
exclude rodent visitation (but not insects) their seed 
set was reduced by 50% to 95% in different species. 

Cocucci and Sersic (1998) found good evidence for 
a rare case of rodent pollination in South American 
Cajophora (Loasaceae) from pollen loads on the 
whiskers of mice, from pollen remains in their feces, 
and from their footprints on smoked plates set beneath 
the flowers. 

The various genera of Bombacaceae in South Amer¬ 
ica that are commonly visited by monkeys and opos¬ 
sums show mass flowering, and if the animals damage 
or destroy many flowers (as monkeys especially are 
prone to do) they may still give a net benefit to the 
plant in pollen transfer and seed set. Gribel (1988) 
observed the marsupial Caluromys visiting Pseudo- 
bombax flowers in Brazil, their faces fully inserted 
among the anthers to lap up nectar from the cup-like 
receptacle, spending around 3 minutes per flower and 
often moving between trees. These marsupials would 
sometimes use their feet to open up flowers that were 
slightly predehiscent. They have also been observed 
apparently making effective flower visits on species of 
Inga, Ravenala, Ochroma, and Kigelia, all of which 
have more chiropterophilous traits; but Gribel believed 
that Pseudobombax was more specifically a nonflying 
mammal plant. 

In Madagascar, where there are no monkeys or pos¬ 
sums, a particular phenomenon of lemur pollination 
has been recorded, for several different flower types. 
Lemurs can be observed eating some flowers whole 
and taking nectar from various trumpet-shaped flow¬ 
ers, probably effecting little pollination. But they are 
not always so damaging, since two species of Eulemur 
have quite different behaviors on the same flowers, 
one eating destructively and the other drinking nectar 
and potentially moving pollen (Overdorff 1992). Le¬ 
murs also visit some bat-pollinated plants (baobab and 
kapok trees) fairly nondestructively and may have 
some pollinating effect. But lemurs are particularly 
and specifically associated with pollination in at least 
two genera. In the legume Strongylodon (Nilsson et al. 
1993) they can trigger the pollen removal mechanism 
(which is not the case for birds or insects). In Ravenala 
madagascariensis (Strelitziaceae; Kress et al. 1994) 
the largest species (the black-ruffed lemurs, Varecia ) 
make regular visits, pulling apart the bracts and insert¬ 
ing their muzzles and then carrying pollen on their fur 
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Table 1 7.4 

Comparative Characters within Genera of Plants Pollinated by Nonflying Mammals and by Other Pollinators 


Australia, Banksia 

Bird-pollinated spp. 

Possum/rat-pollinated spp. 

Flower color 

Red, orange, yellow 

Dull, brownish 

Flower location 

Exposed, high 

Concealed, low 

Scent 

Scentless 

Faint to strong 

Flower opening 

Diurnal, usually am 

Nocturnal 

Nectar quantity 

Medium to high 

Very high 

Brazil, Pseudobombax 

Bat-pollinated spp. 

Opossum/monkey-pollinated spp. 

Color 

White, pale green 

Various 

Location 

Branch tips on long stalks, 

Conspicuous, upright, short stalk. 


often pendant 

not quite at branch tips 

Scent 

Strong 

Faint 

Flower opening 

Few per night 

Many simultaneously 

Costa Rica, Blakea 

Insect-pollinated spp. 

Rodent-pollinated spp. 

Flower shape 

Wide open 

Narrow bells 

Color 

White or Pink 

Dull green/purple 

Flower opening 

Diurnal 

Evening/night 

Scent 

Strong, sweet 

None or faint 

Nectar 

None 

Plentiful at night 

South Africa, Protea 

Bird-pollinated spp. 

Rodent-pollinated spp. 

Inflorescence shape 

Cone shaped 

Wider and flatter 

Inflorescence position 

Conspicuous, upright 

Concealed, low, point up or down 

Color 

Red, bright colours 

Dull brown/white 

Flower opening 

Diurnal 

Evening/night 

Nectar 

Abundant, scentless 

Superabundant, yeasty smell 


between trees. This is perhaps the largest pollinator of 
all (Buchmann and Nabhan 1996). 

There are yet other mammals that might be pollina¬ 
tors. General suggestions that large mammals such as 
giraffes may pollinate acacias in the African savannas 
have been made on occasions, and this was specifically 
reported by du Toit (1990). Granted that these animals 
do get substantial deposition of pollen on their faces 
when feeding on the lower and middle tree, where they 
eat 85% of all flowers within reach, it still seems most 
unlikely that they have a real benefit to the plant. Work 
by Fleming et al. (2006) showed that there was no 
greater seed set in parts of Acacia nigrescens trees that 
were grazed by giraffes than in other inaccessible 


parts. The substantial florivory by giraffes is detrimen¬ 
tal rather than favorable for the trees. 


Birds, Bats, and Other Mammals: 

What Suits Who? 

Table 17.4 gives four examples from different locali¬ 
ties where comparisons can be made within one genus, 
to get some indication of the features that can reason¬ 
ably be supposed to particularly suit nonflying mam¬ 
mals as pollinators. The fact that flowers from the 
same genus as bird- and bat-pollinated plants (and 
even insect-pollinated plants) can acquire traits that 
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converge on a flower form and temporal patterning 
that match the behavioral abilities and preferences of 
small nonflying mammals could reasonably be added 
to the kinds of evidence for their effectiveness as pol¬ 
linators listed in the previous section. 

3. Pollination by Unusual Invertebrates 

For completion, and for want of any other place to deal 
with them, this is a good moment to address the real 
oddities of pollination that are rare but still instructive. 
All the other examples of invertebrate pollination that 
we have covered have concerned insects, usually fly¬ 
ing but occasionally nonflying (notably ants), but there 
are also occasional reports of pollination by noninsect 
invertebrates. 

Pollination by snails— malacophily —is one possi¬ 
bility, largely ignored but recently supported by spe¬ 
cific observations. Sarma et al. (2007) described the 
snail Lamellaxis gracile as a specific visitor to the 
prostrate morning glory Volvulopsis nummularium 
(fig. 17.3). As is typical of the taxon, the flowers opened 
in the morning and lasted only a few hours, and they 
were visited by both snails and honeybees (Apis cera- 
na). But bees were not active on rainy days, when 
snails were demonstrably the sole pollinators. There 
are other anecdotal accounts of snails and slugs that 
crawl over flowers effecting some pollination, the pol¬ 
len grains adhering to their mucus, but there must be 
some possibility of resultant nonviability of the pollen, 
which has not really been investigated. 

It is also possible to imagine successful pollination 
by other terrestrial noninsect invertebrates such as 
woodlice, land crabs, or millipedes, but the only group 
among this assemblage that regularly do visit flowers 
are certain spiders. There are some species that may 



Figure 1 7.3 Volvulopsis flower with a visiting snail: (A) at an open 
flower, and (B) vertical with head deep into a partly opened flower 
on a rainy day. (Drawn from photographs in Sarma et al. 2007.) 

imbibe nectar for both sugar and water rewards, and 
some crab spiders take nectar while waiting on flowers 
as ambush predators (chapter 24). More unusually, 
there are jumping spiders (Salticidae) that use nectar 
as a food (Jackson et al. 2001), and in laboratory tests 
they preferred 30% sugar solutions to water, so they 
were apparently utilizing the sugar. Tests with various 
spiders that do not build webs but wander over plant 
foliage, specifically on cotton, revealed that around 
30% of females had ingested fructose from floral or 
extrafloral nectaries (Taylor and Pfannenstiel 2008). 
How far they are effective as pollinators is largely 
unexplored. 
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POLLINATION BY BEES 


Outline 

1. Feeding Apparatus and Feeding Methods 

2. Sensory Systems and Bee Perception of 
Flowers 

3. Social and Sexual Effects in Bees 

4. Behavior and Learning in Flower-Visiting Bees 

5. Melittophily Types 

6. Overview 


Bees are very special as flower visitors, because al¬ 
most uniquely they use both nectar and pollen as foods 
and rely totally on them for both adult and larval nutri¬ 
tion. Adults eat nectar and usually some pollen as well; 
larvae eat large quantities of both pollen and nectar 
(converted into honey). Thus any one bee is collecting 
not just for her own needs but for the offspring; her 
own sons and daughters if she is solitary, as most bees 
are, or the queen’s offspring in the less common (but 
often much more noticeable) social species. The sheer 
number of visits made to flowers by bees is therefore 
much greater than for other taxa, and the distances 
moved (often tens of meters between plants, and some¬ 
times several kilometers on a given foraging trip) are 
also larger than is the norm. Bee tongues (varying 
from short to very long in different species) can ex¬ 
ploit many different floral designs. Bees are therefore 
far more varied in their interactions with flowers than 
any other taxon (Michener 1979, 2000; Roubik 1989). 
A vast range of flowers can be seen as primarily adapt¬ 
ed for attracting bees, and these flowers tend to signal 
whether they are mainly offering pollen (such flowers 
are often yellow or white) or nectar (often blue, purple, 


or pink). Bees commonly use a wider range of plants 
for nectar than for pollen and are rarely specialist in 
their choice of nectar sources, though with respect to 
pollen they can be strongly oligolectic or occasionally 
monolectic (chapter 7). This is all greatly oversimpli¬ 
fied, of course, but provides a useful starting point for 
this chapter. 

Bees have another important feature, in their com¬ 
mon (but not universal) ability to produce and control 
extra internal metabolic heat (endothermy), so that 
they can warm up sufficiently to fly even when there is 
little or no sunlight. This gives them much greater in¬ 
dependence of the weather than most insects can 
achieve; their abilities are matched only by some sph- 
ingid hawkmoths and a few beetles. So they can be 
active around dawn and dusk and often quite deep into 
the night; and some species can forage at flowers even 
when there is snow on the ground. 

To give a very broad overview, then, the bee flower 
syndrome or melittophily involves flowers that have 
medium to long corolla tubes, often pendant, usually 
zygomorphic (i.e., bilaterally symmetrical rather than 
radial), commonly with a landing platform with com¬ 
plex texture or ridging so that a bee can hang on easily, 
and often arranged in spiked inflorescences. The flow¬ 
ers usually open in the early morning and offer their 
main rewards before midday, although a few are par¬ 
ticularly rewarding in the evenings. The corollas are 
often in the blue-pink-purple-white color range, fre¬ 
quently having nectar guides on the petals, but may 
also be yellow or white. They have sweet typically flo¬ 
ral scents, and they offer medium concentrated nectar 
in medium volumes, sited often quite deeply in the 
base of the flower. Pollen grains are in the range 15-60 
pm, readily picked up on the feathery hairs of bees’ 
bodies. 
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It is important to stress from the outset, though, that 
bees (and hence bee flowers) are highly variable. There 
may be in excess of 40,000 bee species worldwide 
(over 25,000 so far fully described), coming in highly 
varied sizes (not much over 1 mm body length in the 
tiniest Perdita minima, to around 50 mm in the giant 
Chalicodoma pinto), with varied tongue lengths, var¬ 
ied endothermic abilities, varied social structures, and 
extraordinarily varied flower visiting patterns and be¬ 
haviors (Willmer and Stone 2004). To get a handle on 
all this diversity it is helpful to sort out some basic bee 
classification (table 18.1). Bees evolved from within 
the wasps, and many would argue that all the bees are 
so closely related to each other that they should be de¬ 
fined as just one family and seen as a small cohort of 
specialized wasps. However, the bees are sufficiently 
diverse in relation to their most important functions as 
flower visitors that it is more helpful to regard them as 
several families within one superfamily (Apoidea), 
with just the “higher” bees (including nearly all the 
social bees) within the family Apidae. Some additional 
(albeit artificial) subdivisions are useful: 

1. The first four families shown in table 18.1 are 
often grouped together as short-tongued bees, the re¬ 
maining three as long-tongued bees (see section 1, 
Feeding Apparatus and Feeding Methods). 

2. Nearly all of the first six families, and the first 
two subfamilies of the Apidae, are entirely solitary; 
the only exceptions are some social halictids (see sec¬ 
tion 3, Social and Sexual Effects in Bees). Within the 
Apidae, all of the Bombini, Meliponini, and Apini are 
social, and some members of the Xylocopini and Eu- 
glossini also show degrees of sociality. 

3. A range of bees from across all families are 
cuckoo bees (also known as kleptoparasites, nest par¬ 
asites, or inquilines), laying their eggs on the provi¬ 
sions gathered by other bees, usually with specific 
hosts in the same family as themselves. These bees do 
visit flowers, but predominantly for nectar to fulfil 
their own adult food needs. The genera that act as 
cuckoos are asterisked in table 18.1 and are scattered 
throughout the last four families. 

The tongue length, the size, and the strength of bees 
all affect flower access and thus flower choice. Their 
degree of communal living or sociality and their varied 
reproductive strategies also affect foraging behaviors. 


Hence we will eventually need to consider several dif¬ 
ferent types of “bee syndrome” to make sense of their 
interactions with flowers. 

1. Feeding Apparatus and 
Feeding Methods 

Mouthparts 

Bee tongues essentially combine a lapping capillary 
tip with a suctorial tube, using a suction pump pro¬ 
vided by a muscular chamber (the cibarium) in the 
front of the head that applies negative pressure to the 
channel within the tongue. The tongues can be of very 
varied length, but are of relatively uniform construc¬ 
tion (fig. 18.1), differing mainly in the proportions of 
each section (see Krenn et al. 2005). The terminal 
glossa becomes highly developed compared with other 
insects, with a bristly tip region where the food is ini¬ 
tially licked up via the hairy surface, leading to a 
rolled-up tubular section with the slit at the rear. Above 
the glossa lie the maxillae, which are modified into a 
proper tube sealed by tongue-and-groove junctions 
that permit some longitudinal sliding (Borrell and 
Krenn 2006). The suctorial action from the cibarium is 
applied via the maxillae, so drawing the liquid off the 
glossa. The galeae which surround the maxillae are 
projected forward in some bees (sometimes with the 
labial palps as well) to elongate the effective food 
channel. 

In all bees the glossa is flexible and springy and can 
be drawn in and out in front of the main food channel 
to augment the lapping action. In short-tongued bees 
the glossa forms a terminal flabellum, something like 
a scoop rather than a long tube, being bifid (bilobed) in 
colletids and a single short probe in most andrenids 
and halictids (fig. 18.2). 

In longer-tongued bees, the relative extension of 
different parts varies, some (mainly the less advanced 
bees) showing elongation of the maxillary section and 
others having a very long glossa and moderate maxil¬ 
lae and galeae (fig. 18.3). As tongue length increases, 
it is generally observed that sucking increasingly takes 
over from lapping, and in the euglossine orchid bees, 
with tongues that can be 30-35 mm long, feeding is 
probably entirely suctorial. 

Apis is inevitably the best known bee, and here the 
glossa is rather specialized, with concentric rings of 
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Table 1 8.1 

Families, Subfamilies, and Major Tribes and Genera Within the Superfamily Apoidea (Bees) 


Family 

Stenotritidae 

Colletidae 

Andrenidae 

Halictidae 


Melittidae 

Megachilidae 


Apidae 


Subfamily 


Colletinae 

Diphaglossinae 

Hylaeinae 

Andreninae 

Panurginae 

Rophitinae 

Nomiinae 

Halictinae 


Dasypodainae 

Melittinae 

Megachilinae 


Xylocopinae 


Nomadinae 

Apinae 


Tribe 

Cenera 

Common names 


Colletes, Leioproctus 

Ptiloglossa, Caupolicana 

Hylaeus 

Mask bees 


Andrena, Melittoides 

Panurgus, Perdita, Melitturga 

Rophites, Dufourea 

Nomia, Pseudapis 

Halictus, Lasioglossum, Evylaeus, 

Sweat bees 


Sphecodes*, Augochlora, 
Agapostemon 

Dasypoda, Hesperapis 

Macropis, Melitta, Rediviva 

Lithurgus, Chelostoma, Hoplitis, 

Mason bees 


Heriades, Osmia, Proteriades, 

Carder bees 


Anthidium, Stelis, Coelioxys*, 

Leaf-cutter bees 


Megachile, (+s.g. Chalicodoma, 
Creightonella) 

Xylocopa, (+s.g Proxylocopa), 

Carpenter bees 

Exomalopsini: 

Ceratina 

Allodape, Braunsapis, Exoneura 
Nomada*, Epeolus 

Exomalopsis 


Eucerini: 

Eucera, Melissodes, Peponapis, 


Anthophorini: 

Tetra Ionia, Martina pis, Gaesischia 
Anthophora, Amegilla 


Centridini: 

Centris 


Melectini: 

Melecta*, Thyreus* 


Euglossini: 

Euglossa, Eulaema, Exaerete, 

Orchid bees 

Bombini: 

Eufriesea 

Bombus, (+s.g.Psithyrus*) 

Bumblebees 

Meliponini: 

Trigona, Scaptotrigona, 

Sting less bees. 


Leiotrigona, Melipona, Plebeia 

sweat bees 

Apini: 

Apis 

Honeybees, hive 


bees 


Source: After Michener 2000. 
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Figure 18.1 Tongue structural components in bees, spread apart. 
(Modified from Michener 2000.) 

strong bristly hairs that can be erected or laid flat as the 
springy rod within the glossa retracts or extends. When 
the glossa is fully extended, the hairs are erect and fluid 
is absorbed between them; when the glossa retracts 
slightly, the hairs flatten and release the collected fluid 
into the maxillary food channel. The tip of the glossa 
also has some lateral movement and can be seen prob¬ 
ing around when a bee is active in an open-bowl flower. 
Similar mechanisms operate in other long-tongued 
genera such as Bombus and Anthophora, although in 


both these the galeae are somewhat longer and the 
hairs of the glossa are rather flattened. In megachilid 
bees ( Megachile, Osmia, and their various cuckoo as¬ 
sociates) the galeae are longer again, sheathing the 
glossa for much of its length, perhaps appropriate for 
bees that regularly feed on leguminous plants with 
very restricted openings where the fragile glossa may 
need more protection to function properly. 

It is evident from this discussion that bee tongues 
will vary greatly in overall length (table 18.2), and not 
just allometrically in relation to bee size (so that small 
bees may have long tongues and vice versa). Tongue 
length does have a strong phylogenetic component, 
with lengths largely following family lines, but there 
are cases where bees from long-tongued lineages have 
developed secondarily shorter tongues (e.g., in an an- 
thophorine Ancycloscelis species; Alves-dos-Santos 
and Wittmann 1999) and a concomitant shallow flower 
preference. 

There are complex relationships between tongue 
length and flower choice. In general, if a bee is seeking 
nectar from flowers it should preferentially visit spe¬ 
cies with corolla depths that approximately match its 
own tongue length (fig. 18.4A). Short-tongued bees 
(especially Colletidae, Halictidae, and Andrenidae) 
can take nectar from open shallow corollas, or from 
longer corollas at certain times of day when they are 
very full (although small bees may crawl right into the 



Figure 18.2 Variants of structure in shorter- 
tongued bees, with reduced glossae: (A) the 
standard type of structure, (B) the bifid and 
partially annulate glossa of a colletid, and (C) 
the mouthparts of same in side view; (D) 
somewhat longer annulate glossa of a halictid. 
(Modified from Michener 2000, and other 
sources.) 
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corolla tube, or may sometimes also visit illegitimately 
at long corollas, as discussed later). Long-tongued 
bees (especially most Megachilidae and Apidae) could 
theoretically access a wider range of flowers (Ranta 
and Lundberg 1980) but may operate best with fairly 
deep corollas (Inouye 1980a; Pleasants 1983), where 
they can harvest even the last dregs available, so gain¬ 
ing a reward over a much longer daily period than a 
shorter-tongued visitor. On an open flower with ex¬ 
posed nectaries, not only are their tongues unwieldy 
but also nectar in such flowers often becomes too con¬ 
centrated (see chapter 8) and cannot be sucked into a 
long tubular tongue. Hence tongue length shows a 
clear interaction with time spent per flower (fig. 
18.4B); medium-tongued species take longer than 
long-tongued species on a long-corolla flower (and 


Ranta and Lundberg (1980) found that time per flower 
was in fact a U-shaped relation with tongue length for 
medium bees), but short-tongued species work faster 
than any others on open short-corolla flowers. Note 
that all bees would appear to do better on short-corolla 
flowers if time alone were considered, but of course 
longer-corolla flowers commonly have much larger 
nectar rewards, so that it is more than worthwhile to 
spend longer visiting them when tongue reach permits. 
Pleasants (1983) summarized this situation neatly (and 
see table 18.3). The situation is asymmetric and there¬ 
fore subject to local conditions and bee abundances, 
because avoidance of longer corollas by short-tongued 
bees is probably mainly due to an inability to reach 
the nectar, whereas avoidance of shorter corollas by 
longer-tongued bees is substantially due to the actions 
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Table 18.2 

Bee Tongue Lengths 


Family 

Genus and species 

Body length (mm) 

Tongue length (mm) 

Stenotritidae 




Colletidae 

Colletes 

6-12 

2-4 


Hylaeus 

5-7 

1-2 

Andrenidae 

Andrena 

7-15 

2-4 


Panurgus 



Halictidae 

Halictus, Lasioglossum 

5-12 

2-6 


Sphecodes 

6-8 

2-3 

Megachilidae 

Megachile 

6-9 

9-12 


Osmia 

6-11 

7-9 


Coelioxys 

12 

4 

Apidae 

Nomada 

9-12 

4-5 


Anthophora, Amegilla 

9-15 

8-21 


Euglossa, Eulaema 

8-30 

15-35 


Apis (worker) 

10-14 

5-8 


Bombus 

9-22 

5-11 


Short-tongued 

Worker 

5-6 



Queen 

8-9 


Medium-tongued 

Worker 

7-8 



Queen 

10-11 


Long-tongued 

Worker 

9-10 



Queen 

12-13 


Very long-tongued 

Worker 

14-16 


of short-tongued bees (reducing nectar volumes below 
profitability, and also thereby speeding up the evapora¬ 
tive concentration of the remaining nectar into sticky, 
high-viscosity fluids that cannot be sucked into a long 
tongue). Figure 18.5 shows a model of length of tongue 
and the limits set. 

From this discussion, it is clear that tongue length 
is strongly adaptive in relation to flower usage in bees. 
A particularly neat illustration of this comes from 
Clematis stans where the calyx tube determines access 
to nectar but changes in length as the flower ages 
(Dohzono et al. 2004). In young flowers the calyx is 
longer, and a long-tongued Bombus species is the main 
visitor, but in older flowers the calyx tube has short¬ 
ened and a different Bombus with a short tongue visits; 
since a single visit cannot fertilize all the flower ovules, 


multiple visits by two different bees, each of which 
has a specialist relation with the plant, is probably 
beneficial for seed set. 

Some constraints on bee mouthpart structures are 
imposed because those same mouthparts must also 
function in nest construction for most bees (except the 
cuckoo bees). The tongue is used to smooth and con¬ 
solidate the cell walls and to plaster saliva and other 
secretions onto these walls, helping to keep out rain 
and prevent fungal growth. 

Gathering Nectar and Making Honey 

Nectar is swallowed into the bee crop, a relatively large 
storage area lying in the abdomen. The crop permits 
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Figure 18.4 Bee tongue lengths in relation to (A) corolla length for 
queen bumblebees (redrawn from Ranta and Lundberg 1980) and 
(B) time spent per flower on long-corolla Delphinium barbeyi (1) and 
short-corolla Aster bigelovii (2), both for bumblebees (redrawn from 
Pleasants 1983). 


storage of enough supplies to feed the young and by 
trophallaxis to feed nestmates, and (since it is imper¬ 
meable) it also buffers the foraging animal from a 
sudden sugar shock. While in the crop nectar is usu¬ 
ally inverted by the action of the enzyme invertase 
(i.e., any sucrose present is converted to glucose and 


fructose; see chapter 8). Most of the crop’s nectar con¬ 
tents are not passed on to the absorptive parts of the 
gut to become fuel for the gatherer but instead are car¬ 
ried back to the nest site and regurgitated. In the nest 
this fluid gradually thickens as water evaporates from 
it, and may undergo further inversion, until eventually 
at around 82% concentration it qualifies as “honey.” A 
very rough average of the concentration of nectar col¬ 
lected by social bees in temperate habitats might be 
around 40%-45%, so evidently a good deal of evapora¬ 
tion has occurred. In social colonies the nectar may be 
taken up and regurgitated several times by different 
bees until it is concentrated enough to be stored in the 
comb. In some bees and at some seasons it may also be 
mixed with substantial amounts of collected honeydew, 
the sugary excreta of homopterans such as aphids. 

In social bees a large volume of honey can accumu¬ 
late in a healthy nest, and honey from Apis (almost 
worldwide) and from stingless bees (in the tropics) is 
regularly gathered by other animals, including honey 
badgers, bears, and of course humans. It can be esti¬ 
mated (from figures given by Heinrich 1975b) that 1 
kg of honey represents 35,000-50,000 foraging trips, 
and 13-22 million individual flower visits, which 
would represent up to 20,000 bee working hours. 

Nectar preferences of bees have frequently been 
studied, although the conclusions of some of this work 
are suspect for reasons discussed in chapter 8. Frankie 
et al. (1983) reported nectar values for many species 
visited by larger bees in tropical dry forest, with aver¬ 
age values of 24% and above but most commonly in 
the range 28%-42%. For stingless bees ( Melipona ), 
Roubik and Buchmann (1984) reported foraging on all 
concentrations from 20% to 75%, with a maximum 
imbibing rate at about 45% and maximum caloric in¬ 
take at about 60%. In a later study on a variety of tropi¬ 
cal bees, Roubik et al. (1995) recorded optimal nectars 
as being in the range 35%-65% overall, with means of 
38% for euglossines, 44% for meliponines, and 48% 
for centridines. Only a minority of bees would take 
nectar at 10%—15%, and very few would take it at 
65%-70%. 

However, a cautionary note was added by Biesmei- 
jer et al. (1999), who pointed out that apparently differ¬ 
ent nectar preferences in closely related stingless bees 
could in fact arise from thermally determined prefer¬ 
ences for sunlit or shady sites in which nectar is inevi¬ 
tably differentially concentrated (see below and dis¬ 
cussions in chapter 10). 
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Table 1 8.3 

Tongue Length and Corolla Choices 


Bee tongue length 

Short (sc) 

Flower corolla length 

Medium (me) 

Long (Ic) 

Short (st) 

Best option 

Accessible IF not depleted 
below reach or profitability 
by mt or It visitors; forage 
more slowly than on sc 

Excluded, and/or 
nectar too dilute 

Medium (mt) 

Accessible IF not depleted 
below profitability by st 
visitors; may forage more 
slowly than on me 

Best option 

Accessible IF not depleted 
below reach by It 
visitors; forage more 
slowly than on me 

Long (It) 

Accessible but rarely 
profitable, especially 
after st or mt visits 

Nectar often 

too concentrated 

Accessible IF not depleted 
below profitability by 
mt visitors 

Nectar sometimes 

too concentrated 

Not much shared with 

other bees 

Best option 


Source: Largely based on Pleasants 1983. 


Gathering Pollen 

The basic and probably primitive adaptation for gath¬ 
ering and carrying pollen in bees involves passive col¬ 
lection, through the presence of branched hairs on 
most parts of their bodies, often with particularly long 
or dense patches in appropriate places; on the legs, on 
the face, or on the top of the head where favored flow¬ 
ers are nototribic. Even male bees usually have some 
branched hair and therefore accumulate and transfer 
significant amounts of pollen while foraging for nec¬ 
tar. Only the kleptoparasitic genera are relatively 
hairless, with their remaining hairs reduced to a more 
scalelike form. 

Passive collection does not always involve simple 
pollen adhesion to hairs; it also occurs very commonly 
with pollinia which become stuck by glue-like materi¬ 
als to flower-visiting bees (on their heads or backs 
from orchids, and often on their feet from milkweeds; 
in total, at least 13 different sites for pollinia deposi¬ 
tion have been recorded). Such pollinia are rarely re¬ 
moved by grooming and are not fed to the larvae. 

However, most female bees also use some form of 
active collection, specifically gathering pollen from 
anthers. Different bees exhibit a range of remarkable 


structural adaptations (mainly on their legs) to achieve 
this harvest (reviewed by Thorp 1979, 2000). The pro¬ 
cess often involves the mouthparts; several genera 
have modified hairs there for hooking pollen out of 
tubular flowers (especially Boraginaceae and Primu- 
laceae; Muller 1995b, 1996), and some will bite the 
tips off anthers to get at deeper-sited pollen grains 
(Renner 1983). Alternatively, pollen gathering is done 
by the legs, usually the forelegs, since tarsi are gener¬ 
ally endowed with small terminal claws suited to a 
probing or digging action, and hooked hairs may also 
be present (Muller 1995b). Thus bees are commonly 
described as “scrabbling” at the surface of fully open 
anthers, or “pumping” their forelegs in and out of more 
enclosed elongate anthers. Scrabbling actions are par¬ 
ticularly noticeable where bees gather grass pollens, 
exposed on long feathery anthers; some bees are par¬ 
ticularly adept at this (e.g., Adams et al. 1981; Tchuen- 
guem Fohou et al. 2004) and take a fairly high propor¬ 
tion of this supposedly anemophilous pollen, especially 
in early mornings when dew is still abundant and pow¬ 
dery pollen clumps together. In a few bees with ven¬ 
tral pollen-collecting hairs, the gathering behavior 
may require rubbing the lower body surface across a 
flower or inflorescence with superficial pollen. And, 
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Long-tongued 

bumblebees 


Medium-tongued 

bumblebees 


Short-tongued 

bumblebees 



Corolla length 


] range of most preferred corolla depths 

□ range of corolla depths for which there is low preference: 

low net energy intake rate, mainly due to presence of other bees 

| morphological limit: tongue too short or too long 


Figure 18.5 Explanatory model for the rela¬ 
tion between bee tongue length and the lim¬ 
its on corolla lengths used. (Redrawn from 
Pleasants 1983.) 


finally, many bees use sonication to vibrate pollen out 
of poricidal anthers (chapter 7). This process occurs in 
some species from all families but is absent in Apis; 
however, in a few cases honeybees are known to 
achieve a similar effect by drumming poricidal anthers 
with their forelegs to release pollen from the pores, as 
reported for cranberry flowers ( Vaccinium ) by Cane et 
al. (1993). Figure 18.6 gives a pictorial view of forag¬ 
ing on different flower types for a bumblebee. 

We should also remember that bees occasionally 
gather different fluids such as oils or stigmatic secre¬ 
tions from flowers (see chapter 9), requiring yet other 
behaviors. 


Carrying Pollen 

Some of the more primitive bee taxa (within the family 
Colletidae) simply swallow the gathered pollen into 
their crops for transport to the nest. Most others col¬ 
lect together the pollen grains that have been both pas¬ 
sively gained (grooming it off the branched hairs) and 
actively collected and then transfer it to a specific stor¬ 
age site. Pollen in the most inaccessible sites on the 
body (“safe” sites, especially along the dorsal midline; 
e.g., Kimsey 1984) cannot be groomed; this and a 
small proportion of the grains on the rest of the body 
that are missed even during thorough grooming re¬ 
main available for pollination. In at least a few cases. 


some pollen does just get rejected and discarded (see 
chapter 7). 

Once gathered together, the pollen grains may again 
be carried in the crop (for some very young adults), but 
most commonly the grains are transferred by groom¬ 
ing to a specific scopa on legs, thorax, or ventral abdo¬ 
men. Thorp (1979) reported that the density and plu- 
mosity of the scopal hairs on bees were related to the 
size and structural features of the pollen grains that the 
females carried, with more branched hairs when pre¬ 
ferred pollens were small; and hairs may also be par¬ 
ticularly plumose in oil-collecting bees (Roberts and 
Vallespir 1978). Where hairs are sparse and relatively 
nonplumose, larger grains can be accommodated: thus 
Leioproctus species that mainly collect grains of Cono- 
spermum pollen (large at 80-90 pm diameter) have 
much less dense scopae than related less specialist 
species (Houston 1989). 

For some female bees, there are substantial inter¬ 
ruptions to foraging while they find a resting site where 
pollen is packaged into the scopa; but many more ad¬ 
vanced bees require only a brief hover between flower 
probings to achieve grooming and pollen packaging. 
Some bees carry the scopal pollen dry, others moisten 
it with nectar; in fact there is a general evolutionary 
trend from carrying pollen in the crop, to collecting it 
dry on simple scopae, to collecting it in a moistened 
form in specialized leg corbiculae (pollen baskets), as 
in the family Apidae. 
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Figure 18.6 Different handling strategies 
used by bumblebees on various floral types. 
Top row, easy access to grass spikes and 
radial flowers (shorter-tongued species in¬ 
sert more of the body into D); middle row, 
insertion of most of body into zygomorphic 
and keel type flowers; bottom row, buzz 
pollination on the cone of anthers in Sola¬ 
rium, legitimate and nectar-robbing visits to 
Impatiens with a curved nectar spur, and 
the complex vertical entry into the flower 
needed on Aconitum flowers, with nectar 
only accessible to the longest-tongued spe¬ 
cies. (Redrawn from Heinrich 1976a and 
from Laverty 1994b.) 



E Prunella 



H Solan um 



I Impatiens (legitimate) J Impatiens (robbery) K Aconitum 


Abdominal Pollen Collectors 

These are all in the family Megachilidae, and the scopa 
is formed from a coating of fine curved and usually 
unbranched hairs all over the abdominal tergites. The 
legs have stiff brushes of bristles on the inner metatarsi 
and combs on the inner sides of the tibiae; all the legs 
can thus gather up pollen and transfer it back to the 
hind legs and from there onto the abdominal brush. 
Some pollen is probably gathered straight onto the ab¬ 
domen from composite and brush-type flowers with 
dense superficial anthers; on Acacia, for example, 
small megachilid bees can be seen passing rapidly 
over the inflorescences with the legs operating a row¬ 
ing action that propels the bee forward but has little 
function in pollen transfer, since that is occurring 
straight from the superficial anthers. 

Megachilid bees are therefore readily distinguished 
from all others when carrying a pollen load because of 


the dense coating of (usually white or yellow) pollen 
on their undersides (see plate 29B). They also have 
somewhat flattened abdomens, and when pollen-laden 
they tend to fly with their abdomens more “cocked up” 
than other bees. 

Leg Pollen Collectors 

Bees with scopae on their legs occur in most of the 
other families, and again have stiff bristles on the 
metatarsi and often on other tarsal joints as well. How¬ 
ever, the exact position of the scopa varies. Andrenids 
carry the pollen on diffuse areas of the hind leg sur¬ 
faces (tibiae, femora, and trochanters; fig. 18.7A) and 
also on the thorax; but in halictids and colletids most 
of the pollen is carried in a pollen basket on the under¬ 
side of the hind femora, and there is little or no pollen 
on the thorax although there may be some on the un¬ 
derside of the front abdomen. These bees tend to do 
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Figure 18.7 Scopae from bees' legs: (A) an- 
drenid hind leg, with pollen brushes and fem¬ 
oral pollen basket, also showing hair structures 
from three sites; (B) apid corbicula on hind 
tibia, seen from the back and side, and with a 
view of the full basket. (Redrawn mainly from 
Proctor et al. 1996.) 


most of their pollen grooming and packaging while on 
the flower, rather than in flight; each foreleg is rubbed 
on a middle leg, then each middle leg onto the hind 
leg, one side at a time. In melittids and in anthophorine 
bees the pollen collection system is focused on the 
hind metatarsi (which are enlarged) and the hind tibi¬ 
ae, all of which have elongated pollen-carrying hairs 
mainly on their outer surfaces. Dasypoda represents 
an extreme case of this arrangement, with exception¬ 
ally long hairs present, so that when fully loaded with 
pollen it appears to be wearing very large cowboy- 
style trousers (plate 29C). 

The social bees Apis and Bombus also carry pollen 
on their legs, both gathering the pollen initially by 
careful grooming onto brushes on the middle metatar¬ 
si, where it is moistened with regurgitated nectar. From 
here it is scraped into the comb-like metatarsal brushes 


of the hind legs and then into the pollen baskets (cor- 
biculae) on the outer surfaces of the hind tibiae (fig. 
18.7B). It is compacted into the corbicula with a 
unique pollen press, present only in the social Apidae, 
between the top of the metatarsus and the base of the 
tibia, which forces a dense and sticky pollen mass up¬ 
ward and outward into the basket. The accumulating 
pollen load in the basket is shaped by the middle tibia 
into a neat kidney-shaped mass, held on a single cen¬ 
tral bristle, and its stickiness probably helps the rather 
sparse peripheral corbicular hairs to keep it in place. 
Displacement sensors give the bee information on how 
full its corbiculae are (Ford et al. 1981). 

Hair structures vary between these bees, according 
to their preferred flowers. Some bees that spend much 
of their time buzz-pollinating have very thin hairs that 
can retain the small and rather dry pollen grains, 
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whereas the squash and gourd bees in the southwest¬ 
ern United States, primarily visiting cucurbit flowers, 
have particularly coarse body and leg hair, suited to 
the large and oily pollen grains of their preferred 
plants. Bees that habitually gather very large Convol¬ 
vulus pollen grains also have particularly broadly 
spaced hairs (Thorp 1979). 

Unloading Pollen 

Most of the pollen deposited passively on a bee’s body 
is normally groomed for carriage into the scopa and so 
can be unloaded from there as a discrete pollen mass 
ready for packing into a nest cell. With Apis, it is not 
difficult for humans to extract the pollen pellets from 
each back leg of an incoming bee, these pellets then 
being sold in health food shops and the like (they 
would be better left to the bees!). 

The only sites that are difficult for bees to groom 
are the middle of the back and a small area of the neck 
just beneath the head; if a plant can land its pollen in 
such safe areas, that pollen may have a better chance 
of evading being unloaded at the nest and hence of 
eventually reaching an appropriate stigma. 

Selecting Pollen for Collection 
The majority of bees are broadly oligolectic or moder¬ 
ately polylectic, taking pollen opportunistically from 
several different plants, but often restricting them¬ 
selves to one family or sometimes one genus. Only 
rarely are bees narrow pollen specialists, not surpris¬ 
ing when most (and especially the social bees) have an 
active adult life cycle longer than that of any one 
plant’s flowering season. However, the time scale of 
recordings is a problem: Motten (1986) found that 
most individuals of andrenid, halictid, and Osmia bees 
that he sampled individually from a spring wildflower 
community had at least 50% of pollen from just one 
species on their bodies, with few bees carrying more 
than two species’ pollen on any one trip; but these visi¬ 
tors shared many plant hosts and were rather polylec¬ 
tic when viewed on a daily or weekly scale. 

Some more strictly specialist (narrowly oligolectic) 
bees do occur reasonably frequently though (Wcislo 
and Cane 1996; Michener 2000; Minckley and Roul- 
ston 2006), ranging from 60% oligoleges in Califor¬ 
nian deserts (Moldenke 1976) to only 15%-20% in 
colder habitats such as Sweden (Pekkarinen 1997) and 
Nova Scotia (Sheffield et al. 2003). Taxonomically the 
pattern is unclear; some report it as seemingly random. 


so that species with narrow oligolecty are found in the 
same genus, tribe, or subfamily as broad generalists. 
The clearest demonstration of this to date comes 
for the tribe Anthidiini, whose 72 western palearctic 
species were scored by Muller (1996) as 43% narrow¬ 
ly oligolectic, 18% moderately polylectic, and 35% 
strongly polylectic, with 4% unknown; the group had 
a strong preference overall for composites, with Fa- 
baceae and Lamiaceae next most favored. However, 
Minckley and Roulston (2006) suggested that on the 
basis of modern phylogenies most bee clades are pri¬ 
marily all oligolectic or all polylectic, with the transi¬ 
tions that do occur being roughly equal in either direc¬ 
tion. Narrow oligolecty is not necessarily fixed anyway; 
Williams (2003) found that the apparently specialist 
forager Osmia californica, mainly feeding from Aster- 
aceae, in fact retained reasonable flexibility to accept 
novel pollens, and that the apparent specialism did not 
extend to the larvae, which grew just as well on either 
novel or normal pollens. However, others have found 
poor larval growth on nonhost pollens (see chapter 7). 
Sedivy et al. (2008) reported a careful phylogenetic 
analysis of Chelostoma bees, finding 33 out of 35 spe¬ 
cies to be strict pollen specialists, on 8 plant genera 
with convergent floral features; the two generalist bees 
were clearly derived from this ancestral state. They 
suggested that evolution from oligolecty to polylecty 
was rather common, via a series of stages shown in 
figure 18.8, involving increasing physiological or sen¬ 
sory adaptation to new hosts. 

While most bees are probably not strongly special¬ 
ist in relation to pollen, they may still exercise a good 
deal of preference and limit their foraging to a subset 
of available resources. Andrena vaga, for example, 
feeds only from Salix catkins and responds specifically 
to the volatiles from Salix pollen (Dotterl et al. 2005); 
other cases of this kind undoubtedly await discovery. 
Even the highly polylectic honeybees seem to prefer 
some pollens over others (Schmidt 1982), perhaps 
basing choices on pollen odor or taste (Schmidt 1985), 
and the preference may be in part related to their hair 
characteristics and associated pollen sizes as discussed 
above. Thus, colonies of Apis in the Sonoran Desert 
gathered pollen from 35-55 plant species in a season, 
which represented about 25% of all available flower¬ 
ing plants (Buchmann and O’Rourke 1988). Many 
other bees also behave in an oligolectic fashion in 
practice, tending to show floral constancy on any one 
day or at least on any one trip when gathering pollen 
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Hypothetical stages of host-range Mechanisms 

evolution in bees 


If there is no selective 
advantage for a 
narrow diet, the 
polylectic habit 
is retained 


If constraint cannot 
be overcome, the ~ 
oligolectic habit 
is retained 


Oligolectic 

phase 

1 


Specialization 

phase 

1 


Polylectic 

phase 

1 


Pollen shortage 
phase 

1 


Oligolectic 

phase 


Physiological or neurological adaptations constrain the 
bees to the new host 


Specialization to one of the newly incorporated pollen 
hosts or to the original host if i) interspecific competition, 
ii) higher pollen-harvesting efficiency, iii) pressure by 
cleptoparasites, iv) large pollen supply or v) high pollen 
quality selects for a narrow diet. The bees increasingly 
adapt physiologically or neurologically to the new host 


Expansion of host range by incorporating new pollen hosts 
i) that necessitate similar physiological or neurological 
capabilities to cope with the original host or ii) which were 
exploited by a common ancestor ("preadaptation") 


Shortage of pollen due to i) decrease of specific pollen 
host in the bees' habitat, ii) interspecific competition or 
iii) phenotypic mismatch between bee flight period and 
host flowering time leads to selection towards polylecty 


Oligolectic, adapted to specific pollen host. Switch to 
other hosts limited by i) physiological or ii) neurological 
(including cognitive) constraints 


Figure 18.8 The constraint hypothesis for the evolution of floral host range, constancy, and specialization in bees. 
(Redrawn from Sedivy et al. 2008.) 


(Westerkamp 1996; Thomson 1996). This is also 
broadly true in controlled “cafeteria” experiments 
where bees are offered many choices; for example 
Megachile rotundata visited only 21 species out of 
209 offered (Small et al. 1997), those chosen being 
scattered across 14 genera and 7 families but sharing 
the key feature of a particular corolla tube length. 
Analysis of pollen loads carried by bees shows high 
levels of constancy within a trip (see chapter 11 and 
table 11.4). Analyses of pollen compositions from lar¬ 
val cells of bees also very commonly show that floral 
constancy for the day or two that might be required to 


provision that cell is rather common, often with re¬ 
cords of more than 95% of one pollen type per cell 
(Westrich and Schmidt 1987; and for examples see 
Corbet and Willmer 1981 with Xylocopir, Willmer 
1986 with Chalicodoma ; Willmer and Stone 1988 with 
Creightonella\ Cripps and Rust 1989a,b with Osmia\ 
Scott et al. 1993 with Xylocopa). 

Cane and Sipes (2006) discussed some of the ad¬ 
vantages and drawbacks of these various approaches 
in assessing floral constancy and degrees of “lecty” in 
bees, as well as presenting a modified terminology to 
define pollen specialization categories as shown in 








Pollination by Bees • 391 


Table 18.4 

Definitions of Pollen Specialization and Constancy 


Monolecty 

Probably a term best not used, implying total reliance on one species 

Narrow oligolecty 

Pollen gathered from a single host clade, normally a genus.* 

Examples from the bees include Macropis using only Lysimachia (for pollen and 
for oils); Andrena hattorfiana using only Knautia ; Hoplitis anthocopoides using 
only Echium; Proteriades using only Phacelia ; Evylaeus using Oenothera. 

Oligolecty 

Pollen gathered from a few plant genera, closely taxonomically related. 

Eclectic oligolecty 

Pollen gathered from a few plant genera from widely separated clades. 

An example is Osmia ribifloris, using usually only one of Cercis, Berberis or 
Arctostaphylos, three unrelated genera with varied morphologies. 

Mesolecty 

Pollen gathered from a few plant genera, which are related but subsampled from 
one or more large plant families 1 ; less predictable than the previous group. 

Examples include Megachile brevis (6-8 genera of Fabaceae); Anthidium (about six 
genera, from four families). 

Polylecty 

Pollen gathered from more than three plant families, but not from a high 
proportion of all available families. 

Examples include most eusocial and multivoltine bees, by necessity. 

Broad polylecty 

Pollen gathered from most genera and species, and from numerous families, taking 
supplies from at least 10% of all available resources. 

Apis is typical, and often samples 20%-40% of the available flora. Most 
bumblebees and stingless bees also belong here. 


Source: Based on Cane and Sipes 2006. 

*Use of a genus as the typical clade for definitions is not ideal, some genera attracting oligoleges being rather uniform 
(e.g., Salix, Helianthus), others being widely varied in phenotype (e.g., Penstemon, Clarkia, Mimulus )—genera typically used to 
look at selection for specialization, see chapter 11. 

likewise a family with thousands of species has to be treated differently in terms of specialization from a small nonspeci- 
ose family, and a tribe of a large family such as Asteraceae or Fabaceae might be regarded as equivalent to a smaller family. 


table 18.4. Note that many bees, seeking both nectar 
and pollen as efficiently as possible, may have polylec- 
ty in part imposed by nectar accessibility rather than 
by pollen. This raises an important issue in trying to 
define “bee flowers”: since pollen gathering by bees is 
a major activity, correlations between tongue length 
and flower choice could be somewhat confounded, as 
a bee might spend significant time gathering pollen at 
flowers where the nectar is unreachable. However, 
many solitary bees do prefer to gather both nectar and 
pollen from the same flower and take back to the nest 
a balance of both resources, given that it is quicker to 
collect both resources from one flower all other things 
being equal; therefore a reasonable match of tongues 


to flower choice persists. For social bees, though, there 
may be specialization for either nectar or pollen on a 
given foraging trip, and pollen-only visits may be to 
flower types apparently inappropriate to the tongue 
length. Of course some bees forage regularly on pol¬ 
len-only plants, where their tongues are an irrelevance; 
often they then use their sonicating (buzz-pollinating) 
techniques. Pollen is also often gathered from “unsuit¬ 
able” flowers, where there is an obvious mismatch be¬ 
tween bee and flower morphology, and the process is 
then essentially a form of robbery with little or no pos¬ 
sibility of pollen deposition onto distant stigmas. This 
typically involves small bees robbing anthers of much 
larger flowers, for example halictids and stingless bees 
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working the exerted anthers of various hummingbird- 
or bat-pollinated flowers (plate 33E,F). 

Little is known about bees’ assessment of pollen 
quantity or quality, but there is evidence that they can 
detect quantities of available pollen on at least some 
plants (Harder 1990a; Rasheed and Harder 1997a; and 
Robertson, Mountjoy et al. 1999, who also found qual¬ 
itative effects), either visually or using olfactory cues 
associated with dehiscence. Agapostemon bees could 
detect pollen levels visually in flowers with exposed 
anthers (Goulson et al. 2001), while Bombus could de¬ 
tect morphological change in Anemonopsis flowers as 
a cue to pollen availability (Pellmyr 1988). For Alkan- 
na the anthers are visible only at very close range but 
nevertheless give adequate visual cues to Anthophora 
females (Stone et al. 1999). In Acacia detection may 
involve both vision and scent (Stone et al. 1998). 

In addition to assessment of availability in advance 
of choosing flowers, bees must also make decisions on 
continuing to gather particular pollen rewards, and this 
is presumably based on volume or weight consider¬ 
ations (the degree of packing of the scopa, or perhaps 
rate of increase of body weight). Some bees have been 
shown to assess pollen reward per flower (Harder 
1990a; Robertson, Mountjoy et al. 1999), perhaps us¬ 
ing sensitive setae around the scopa. Bombus and 
Ptiloglossa could assess the pollen load they were re¬ 
ceiving while sonicating Solarium flowers, again pre¬ 
sumably mechanically (Buchmann and Cane 1989). 
Furthermore, Harder (1990a,b) recorded bumblebees 
making more visits per inflorescence when flowers 
were pollen-rich and returning to these inflorescences 
more frequently; and he showed that they abandoned 
pollen collection on a plant when the rate of gain was 
too low, even if the anthers were not fully depleted. 
There was also a good match between timing of visits, 
handling times, and pollen availability in Solarium 
flowers for three sonicating bee species (Shelly and 
Villalobos 2000). 

How many flowers, and how much time, are re¬ 
quired for a full pollen load? For Apis, Ribbands 
(1949) recorded full scopae deriving from 27 flowers 
of a Papaver cultivar, and from 60 to 180 flowers for 
Nasturtium, these requiring a minimum of 3 and a 
maximum of 18 minutes to complete. Chalicodoma 
bees working Coffea flowers required around 17 min¬ 
utes to fill up with pollen (Willmer and Stone 1989). 
Obviously these timings are strongly influenced by 
time of day (relative to dehiscence), by weather condi¬ 


tions, and often by competition from other bees and 
other flower visitors. 

In concluding this section, we should remember that, 
since bees may forage for nectar, for pollen, or for 
both at once on any one foraging trip, it is always im¬ 
portant to note what they are gathering when assessing 
their activities. There may be pronounced temporal 
patterns for social bees, with bumblebees tending to 
take nectar early in the day and concentrate pollen col¬ 
lection into the drier midday hours (fig. 18.9A). Soli¬ 
tary species may have their flower visits patterned by 
the need to gather nest-cell building materials, as in 
fig. 18.9B where a leaf-cutter bee showed daily 
rhythms of leaf gathering and nectar or pollen flights. 
And even if a bee visits the same plant species for both 
nectar and pollen, it may be making choices as to 
which individual plant or flower it visits. For example, 
on lavender inflorescences, where female-phase flow¬ 
ers have more nectar, honeybees seeking only nectar 
chose inflorescences with more female flowers (gener¬ 
ally the smaller inflorescences) and those seeking both 
pollen and nectar chose the larger inflorescences with 
greater numbers of flowers of both sexes (Gonzalez 
et al. 1995). 

2. Sensory Systems and Bee 
Perception of Flowers 

Vision and Color Perception 

These sensory attributes have been intensively studied 
for bees, especially Apis and Bombus', in fact the com¬ 
pound eyes and visual system of the honeybee are by 
far the best known of any insect. The eyes have a high 
flicker fusion frequency, so can distinguish very rap¬ 
idly moving or flickering objects. They are very sensi¬ 
tive to outlines, preferring complex dissected outlines 
to simple ones, and hence jagged toothed flowers to 
simple round ones (see fig. 5.17) and symmetric to 
asymmetric shapes (fig. 18.10), but they are not par¬ 
ticularly good at discriminating shape categories. 
When tested with model flowers, bees commonly 
alighted at the jagged edge and then followed converg¬ 
ing lines (“petal edges”) into the center (Manning 
1956a); this and other studies (e.g., Free 1970a) make 
it seem likely that flower nectar guides only have an 
effect at rather close range and do not strongly direct a 
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Figure 18.9 (A) Pollen- and nectar-gathering trips against time of day 
for Bombus terrestris, with nectar gathering dominant in the early 
morning and evening (redrawn from Peat and Goulson 2005); (B) 
pollen flights and leaf-gathering flights for the leaf-cutter bee Creight- 
onella working on coffee flowers, with pollen flights most common 
and short 1000-1100 and lengthening later as the resource becomes 
scarcer (redrawn from Willmer and Stone 1988). 


Figure 18.10 Honeybees show preference for larger and more sym¬ 
metrical shapes; the control was an intact Epilobium flower, the treat¬ 
ments involved cutting off the amounts shown from the conspicuous 
lower petals. (Redrawn from Muller 1995.) 


bee to the center of the flower as it approaches but only 
after it has landed. However, Free showed that bees 
could learn to follow the guides more quickly and di¬ 
rectly to the center once they were experienced. 

Within the eyes of Apis there are three receptor 
types, which have wavelength sensitivity peaks at 344 
nm (UV), 436 nm (mid-blue), and 544 nm (green- 
yellow), the first of these being much the most numer¬ 
ous type. Other bees tested to date have rather similar 
spectral sensitivities, so it seems that relative red- 
blindness and a high ability to detect UV are common 
features. In the past, the sensitivity to UV led to much 
analysis of “what flowers look like to a bee,” with 
many publications highlighting the nectar guides re¬ 
vealed in UV light (chapter 5). In the light of the last 
paragraph, these may not be so critical, at least to less 
experienced bees. However, known sensitivities must 
determine the bee perception of overall flower colors 
(Daumer 1956, 1958), especially for what humans 
perceive as white flowers. These are white to us be¬ 
cause they reflect color in all parts of the spectrum that 
we can see, but to a bee many of them will appear in 
the blue-green range, because these flowers usually do 
not reflect UV wavelengths. In fact bees are extremely 
good at distinguishing between adjacent color tints, 
especially in this blue-green range (von Helversen 
1972). But it follows that most white bee flowers are 
not white to their visitors—in fact, a true “bee white” 
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Figure 18.11 Honeybee receptor peaks and the bee color circle com¬ 
pared with that of humans; see also fig. 5.7. (Modified from Barth 
1985.) 


(mixing all three of the bee’s visual wavelengths) is 
very rare in flowers. For similar reasons, flowers that 
we see as yellow, or blue, or purple, may appear to a 
bee as quite different shades (see table 5.3). Figure 
18.11 shows the characteristics of the bee receptors 
and of the color circle for bees as compared with the 
more familiar one of humans, which helps to explain 
the results in table 5.3. 

In recent years there has been increasing stress on 
the analysis of flower reflectance as a whole rather 
than at particular wavelengths (e.g., Kevan 1979) and 
a realization that what bees see must also take into ac¬ 
count the effects of contrast (which for flowers will 


usually be with green foliage or soil, both of which 
have little UV reflectance). Bees above all require this 
good color contrast, which uses input from all their 
receptor types, so that UV reflectance alone is not a 
good indicator of flower detectability. Hence honey¬ 
bees offered blue versus white choices of artificial 
flowers behaved very differently in terms of interflow¬ 
er movements from bees offered blue versus yellow 
choices, which to them would have much higher con¬ 
trast (Hill et al. 2001). 

The visual capabilities of bees also depend criti¬ 
cally on the light environment at a particular time: 
Dyer and Chittka (2004) found that bumblebees made 
errors in color discrimination in differing light condi¬ 
tions, although they could compensate in part for this 
by recognizing shape variation. Chittka et al. (2003) 
also showed that, under experimental conditions, bum¬ 
blebees were remarkably pragmatic about their color 
preference during foraging tasks, so that flowers of 
normally preferred colors but offering no reward (or a 
quinine penalty) were very soon avoided in favor of 
rewarding flowers of slightly abnormal (normally un¬ 
preferred) coloration. 

In general, it remains fair to say that bees prefer 
flowers that to us appear pink, purple, or blue, as well 
as many that appear to us as white; they also select 
some red flowers (if UV reflectance is also present, as 
it usually is), and (especially for short-tongued bees) 
many bright yellow flowers. But they have complicat¬ 
ed preferences when faced with real flowers against 
real backgrounds (cf. Forrest and Thomson 2009). For 
example, bumblebees are affected more by peripheral 
than central colors, prefer flowers with at least two 
colors, and like the central area to be large and essen¬ 
tially pollen colored (Heuschen et al. 2005). 

There are subtle differences among bees in their 
color vision, although again this has really only been 
explored for Apis and Bombus. Dyer et al. (2008) 
showed that bumblebees had poorer color discrimina¬ 
tion than honeybees in behavioral tests but could de¬ 
tect certain contrasts at lower visual angles, indicating 
a trade-off between discrimination and detection, per¬ 
haps linked to habitat differences. However, no over¬ 
all differences in color preferences have been found 
among a range of bees from different habitat types or 
from different continents. Perhaps this is in part be¬ 
cause bee flowers come in almost all possible colors, 
and color contributes markedly to bee constancy on a 
day-to-day basis (see below). Indeed, Menzel and 
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Shmida (1993) showed that bee-pollinated flowers in 
Israel (one of the most bee-rich of all ecosystems) cov¬ 
ered the entire range of colors that bees can perceive. 

One additional aspect of bees’ flower-color choice 
has recently been established. Bumblebees will choose 
warmer nectar feeders, and warmer flowers, in labora¬ 
tory tests, and can learn to associate warmth with col¬ 
or, so that they will pick either pink or purple flowers 
depending on which has been warmed (Dyer et al. 
2006). Such choices clearly fit with the aspects of en¬ 
vironmental economics in floral biology discussed in 
chapter 10. 

Olfaction and Taste 

Bees have a strong olfactory sense, using chemorecep- 
tors on the last eight segments of the antennae. These 
are on average one or two orders of magnitude more 
sensitive than human olfactory senses, and bees can 
clearly detect flowers that to us seem unscented and 
show preferences for some that to humans are only 
very slightly fragrant. Many classic bee flowers (hya¬ 
cinth, primrose, pansy, etc.) have mild honeylike 
scents, or delicate floral fragrances much less intense 
than those of moth flowers. Some flowers attractive to 
bees smell quite musty to humans, for example some 
hellebores and asters. 

Scent is more readily conducive to associative 
learning with floral reward than any other cue in bees 
(Menzel and Muller 1996), so that scent learning sig¬ 
nificantly enhances flower fidelity and thus the chanc¬ 
es of correct pollen transfer. Honeybees can be condi¬ 
tioned with honey odors and will generalize to other 
honeys from their initial training (Bonod et al. 2003). 
Scents may also induce recall of navigational informa¬ 
tion and visual memory in honeybees (Reinhard et al. 
2004). Furthermore, in social bees scents (von Frisch 
1950) and scent associations (Dornhaus and Chittka 
1999) may be learnt from nest mates, either from their 
body surfaces or from the nectar and pollen they 
carry. 

Scent is often used by plants to manipulate bee be¬ 
havior, especially in the deceptive pseudocopulatory 
relationships with orchids. The best-known example is 
Ophrys sphegodes with Andrena nigroaecinea, studied 
by Schiestl and his colleagues (Schiestl et al. 1997; 
Schiestl and Ayasse 2001), involving sexual deception 
of visiting male bees, which alight on flowers and at¬ 


tempt copulation, receiving pollinia in the process 
(chapter 23 gives details). Essentially, the flower shape 
and color help in the deception, but the orchid’s odor 
bouquet is the key: it accurately mimics a female bee’s 
pheromone. 

The balance of visual and olfactory attraction modes 
in the relations of bees and flowers has been a subject 
of controversy for at least a century, many studies us¬ 
ing honeybees or bumblebees with artificial flowers 
and applied scents to determine which sense is more 
critical (e.g., von Frisch 1954; Manning 1956a, 1957; 
Free 1970a). Most studies concluded that scent dis¬ 
crimination was important only at quite close range 
(whether using attractive scents or aversive scents such 
as clove oil), flower searching and approach behaviors 
being visual most of the time. Whether this is also true 
of the more crepuscular bees, searching at low light 
levels, is untested but perhaps less likely. Some effect 
of habitat type is also suggested (and is perhaps linked 
with light levels), since species of North American 
lousewort ( Pedicularis) that grow in the open have less 
strong scents than those in shady wooded areas 
(Sprague 1962). 

3. Social and Sexual Effects in Bees 

The great majority of published studies on all aspects 
of bee behavior and flower visiting have focused on 
the common and familiar social bees, primarily Apis 
and Bombus, but in reality eusociality (despite having 
evolved separately at least eight times) is the minority 
condition for bees. This needs exploring in some de¬ 
tail as it has substantial effects on flower-visiting 
behaviors. 


Levels of Sociality 

There are various levels of sociality in animals as tra¬ 
ditionally defined (e.g., Wilson 1971; Michener 1974, 
1985; Holldobler and Wilson 1990), although defini¬ 
tions differ (e.g., Crespi and Yanega 1995; Lacey and 
Sherman 2005). The bee superfamily includes repre¬ 
sentatives at all levels. 

Solitary bees are the commonest, each female mak¬ 
ing and stocking her own nest. Nests are commonly 
tunnels in the ground, or in hollow stems, or crevices. 
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A single female chooses a nest site, constructs a nest 
tunnel, then makes separate cells and stocks each cell 
with food; she then lays an egg on the food, seals the 
cell, and starts another one. Thus she is only involved 
with her own progeny, and then only as eggs (Batra 
1984). Females tend to alternate periods of cell con¬ 
struction and periods of flower foraging. In temperate 
habitats solitary bees have one generation a year, each 
emerging adult flying for only a few weeks and stock¬ 
ing perhaps 5-10 cells on average. But in warmer cli¬ 
mates there may be several broods each year, and some 
tropical species breed continuously and aseasonally, 
so that individuals can be encountered foraging at any 
time of the year. It is very common for nests of one 
species to be grouped together as an aggregation (es¬ 
pecially for soil-nesting forms and some carpenter 
bees, which are often strongly philopatric), but there is 
no real behavioral interaction between individual 
females. 

Parasocial bees include those living in communal, 
quasi-social, and semisocial groups. Here the adult 
bee population is still a single generation at any one 
time, and no interaction occurs between a female and 
her offspring. Communal bees share a nest between 
several females but each makes and stocks her own 
cells; examples occur quite commonly in halictid and 
andrenid bees and in some euglossines (Paxton et al. 
1999), and while there may be no benefit in increased 
offspring per capita there can be advantages in reduced 
nest parasitism (e.g., Soucy et al. 2003). In quasi¬ 
social and semisocial bee nests the females cooperate 
on nest construction and provisioning, but if quasi¬ 
social all adult females are egg layers while if semiso¬ 
cial only one or a few have active ovaries and the rest 
are worker-like and do not lay eggs, giving the first 
level of division of labor. 

Subsocial bees are those where families of one 
adult female and several of her offspring, matured at 
least into larvae, are found in one nest, giving overlap 
of generations. The larvae are protected and fed by the 
mother, who then leaves or dies at about the time that 
they mature into adults themselves. There is no divi¬ 
sion of labor here, and the subsocial condition occurs 
only rarely and then often only for a part of the bee 
lifecycle; often this is for the initial breeding cycle of 
a more fully social species, before the first generation 
of offspring mature into workers. 

Eusocial bees live in nests with two generations of 


mature bees simultaneously, a mother and her daugh¬ 
ters. Bumblebees and honeybees are the most familiar 
here, but eusociality also occurs in tropical stingless 
bees and in some halictid bees. In primitively eusocial 
types, including Bombus, mothers and daughters are 
usually physically similar albeit different in size; a 
daughter (worker) can normally lay only unfertilized 
eggs, but occasionally functions as an egg-laying 
queen if necessary. In some Lasioglossum bees there 
are substantial size differences between queen and 
worker, but again workers can mate and function as 
queens if needed (Paxton et al. 2002). In all these 
primitively eusocial species, queens can forage nor¬ 
mally when required to do so (especially in the spring); 
but in all of them communication concerning food 
sites is limited. In contrast, in highly eusocial bees 
(Apis, in colonies of up to 60,000-80,000, and the 
stingless bees such as Trigona with up to 180,000 indi¬ 
viduals), the queens and workers are usually physi¬ 
cally distinct and very different in size, giving a rela¬ 
tively rigid caste system. The workers are infertile, 
engaged on nest maintenance tasks, on feeding their 
nonforaging nest mates by trophallaxis (Michener 
1974; Wainselboim et al. 2002), and on flower forag¬ 
ing. They often show polyethism, graduating to more 
complex intranest tasks as they age and eventually be¬ 
coming foragers for the last few weeks of their lives. 
The queens are fertile but lack structures for gathering 
or manipulating pollen and cannot survive long out¬ 
side their colonies, so that new colonies have to arise 
by swarming. Complex communication between nest 
mates concerning availability and location of food 
resources occurs, and this has major influences on 
flower-visiting patterns. 

Levels of sociality are not always fixed. The car¬ 
penter bees Xylocopa and Ceratina (Watmough 1983; 
Dunn and Richards 2003) and some euglossine bees 
(Cameron and Ramirez 2001) can show facultative so¬ 
ciality, usually when a founding queen’s nest is usurped 
by a second female and the foundress then becomes a 
guard and helper. Some allodapine and halictid bees 
are particularly labile in their degrees of sociality and 
may have two different social morphs within one spe¬ 
cies (Richards et al. 2003), for example being fully 
social in warmer climates and entirely solitary in cool¬ 
er climates, with a mixture of behaviors in marginal 
zones (e.g., Potts and Willmer 1997; Soucy and Dan- 
forth 2002). 
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Effects of Sociality on 
Flower-Visiting Patterns 

In most respects the flower-visiting patterns in paraso- 
cial and subsocial bees differ little from those of purely 
solitary species, since all females are stocking cells 
and most are laying their eggs on the resultant cell 
contents. However, there may be some interactions be¬ 
tween foragers in relation to information about avail¬ 
able flowers; bees pick up floral odors readily, from 
corollas and/or from pollen, and may therefore be sig¬ 
naling the resource on which they have been foraging 
as they return to a nest. This could lead to some target¬ 
ing of foraging bouts and greater efficiency in the bal¬ 
ance between travel plus searching time and handling 
time. 

However, eusocial bees differ from other bees in 
several key features: 

1. Some workers are not engaged in foraging at all, 
remaining nest bound for whole days or sometimes for 
their whole adult lives. 

2. The foraging workers must gather much larger 
quantities of nectar and pollen than a similarly sized 
solitary bee; this is possible because they can spend all 
day foraging if weather and resource availability per¬ 
mit, having no other tasks to perform. Each foraging 
bee can carry relatively very large loads of nectar and/ 
or pollen (figures of 92.5% body weight of nectar have 
been recorded for Apis workers). Foraging ranges may 
also be larger; in solitary bees distances traveled from 
the nest for 16 species were normally 150-600 m and 
correlated with body size (Gathmann and Tscharntke 
2002; see also Beil et al. 2008 and Greenleaf et al. 
2007, who present predictive equations for this effect 
with 62 species), whereas social honeybees routinely 
travel 600-800 m, with some individuals flying several 
kilometers from their nest. Carpenter bees can forage 
up to 6 km from their nests (Pasquet et al. 2008). Bum¬ 
blebees routinely forage over 1.5 km (Osborne et al. 
2008) and some can return home when taken at least 
13 km from their nests. 

3. The colony may be active for much longer peri¬ 
ods, and all year round in some tropical species; hence 
a much longer seasonal sequence of forage plants is 
needed, giving a necessity for more generalization in 


flower-visiting habits. In contrast, some solitary spe¬ 
cies may have an active flight period that is entirely 
contained within the flowering period of just one floral 
species and can therefore (at least potentially) be high¬ 
ly specialist. 

4. Critically, nectar can be stored within the nest in 
open cells, for use by other nest-bound workers; thus 
both nectar and pollen can be collected very intensive¬ 
ly on days of plenty and/or when weather conditions 
are favorable, but do not necessarily have to be gath¬ 
ered every day. Individual social bees do not need to 
gather nectar and pollen in the right proportions at any 
one time, so they are not forced into making compro¬ 
mises in collecting a balance of resources within one 
trip or within a few trips. The balance is resolved at 
colony level, by varying the proportions of nectar and 
pollen collectors. 

5. Social colonies derive substantial benefit from 
the emergent physiological properties (often termed 
colony homeostasis) of a nest (e.g., Kronenberg and 
Heller 1982; Southwick 1991) or less often of a swarm 
(Heinrich 1981; Seeley et al. 2003); with this microcli¬ 
matically stable refugia, physiological constraints on 
activity are somewhat relaxed, and individuals may be 
more inclined to take foraging risks and to visit flow¬ 
ers in poorer weather conditions. 

6. There may be differences in behavioral and learn¬ 
ing abilities in social bees that affect flower constancy 
and foraging efficiency, covered in section 4, Behavior 
and Learning in Flower-Visiting Bees. 

7. Social facilitation may occur, when individuals 
influence and potentially enhance each others’ forag¬ 
ing. This can operate at the levels both of recruitment 
to flower patches and of flower choice within patches, 
and is perhaps the major factor altering the flower- 
visiting patterns of social as compared with solitary 
bees. Social facilitation can occur just by chance be¬ 
cause individuals move toward conspecifics irrespec¬ 
tive of any flower associations (using inadvertent so¬ 
cial information or ISI; see Baude et al. 2008; naive 
bumblebees were more efficient on patchy flowers 
when a demonstrator was present). Or it may be a pre¬ 
cise response where conspecifics indicate the presence 
of a rewarding flower patch, which requires complex 
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interindividual communication systems but offers the 
huge advantage that bees may be recruited to and di¬ 
rected to the most profitable sources of nectar and/or 
pollen without having to search for themselves, and 
large numbers of individuals are recruited to newly 
opening high-reward flowers. More details are given 
under Type 4: Bumblebees, Type5: Stingless Bees, and 
Type 6: Honeybees, below. 

Social facilitation of choices between individual 
flowers can involve local enhancement when once 
again individuals prefer to feed close to a nest mate. 
However, more experienced bees may instead show 
local inhibition and space themselves away from exist¬ 
ing foragers (thus presumably avoiding recently emp¬ 
tied flowers). Kawaguchi et al. (2007) showed that in 
bumblebees this effect varied with the familiarity of 
the foraging plant, bees choosing an occupied inflores¬ 
cence of an unfamiliar plant but avoiding familiar 
plants when they were occupied by conspecifics. A fa¬ 
miliarity effect also occurred in stingless bees (Slaa et 
al. 2003), although there the prevalence of enhance¬ 
ment or inhibition appeared to be species specific. 

Many eusocial bees can also achieve social facilita¬ 
tion by scent-marking individual flowers after visiting 
them (see chapter 6), so that subsequent visitors avoid 
recently depleted flowers. However, this is not unique 
to eusocial bees, occurring also in some Xylocopa, 
Centris, and Anthophora. 

Effects of Males and Females 

In solitary bees the ratios of active males and females 
may be close to 1, although with variations through a 
season as males often emerge earlier. In social bees, 
the ratio is usually strongly female-biased, although 
males may become very abundant rather briefly, later 
on in the season. How far do these differences affect 
flower-visit patterns of particular bees? 

By far the majority of bee foraging studies have 
concentrated on females, and male behaviors are rela¬ 
tively unknown, though it is widely assumed that they 
must visit fewer flowers (as they are only feeding 
themselves) and concentrate mainly on nectar gather¬ 
ing. Nc‘email et al. (2006) looked for male-female dif¬ 
ferences with three solitary bee species on five flowers 
in Israel and found that nectar amounts gathered were 
similar but males spent less time per flower. The fe¬ 
male bees flew shorter distances between plants and 


were likely to be more efficient pollinators through 
greater pollen movement, but males may have contrib¬ 
uted more to long-distance pollen flow. It would be 
useful to know how generally applicable these find¬ 
ings may be for solitary bees. 

4. Behavior and Learning 
in Flower-Visiting Bees 

Innate Behaviors 

Some aspects of innate behavior, shown in entirely 
naive bees, have substantial effects on flower handling. 
However, in the majority of studies it is unclear wheth¬ 
er the bees tested were genuinely naive, so this section 
includes only the more unequivocal findings. 

Naive bees landing on a flower show an innate prob¬ 
ing response, usually toward the center of the bloom. 
Innate preferences occur in bumblebees for two-col¬ 
ored rather than single-color flowers, and for flowers 
with a large central area, especially where this is yel¬ 
low and thus resembling pollen coloration (Heuschen 
et al. 2005). Naive bumblebees also unequivocally 
prefer bilaterally symmetrical shapes (Rodriguez et al. 
2004). 

At least some specialist bees also have innate pref¬ 
erences for their host pollen. For example, Heriades 
truncorum females would take only their host pollens 
(various composites) and entirely ceased nesting activ¬ 
ity when offered nonhost pollens even if reared on 
those as larvae, showing an underlying genetic basis 
for host recognition (Praz et al. 2008a). It seems pos¬ 
sible that pollens do possess properties that limit their 
use by some bees (Praz et al. 2008b). 

Learned Behaviors 

Beyond innate behaviors, all bees tested show good 
abilities to learn how to exploit more elaborate flow¬ 
ers, which enhances their speed at pollen or nectar 
gathering. Learning takes time; for example, a bum¬ 
blebee encountering a new flower type could improve 
its handling accuracy on consecutive flowers (fig. 
18.12A; Heinrich 1979b) but maximized its foraging 
efficiency only after around 30-100 visits, depending 
on flower complexity. Once a bee has invested this 
time it may pay for it to continue to forage on that spe- 
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Figure 18.12 Flower handling times (squares) and handling accuracies (open triangles) for initially naive bumblebees 
at 100 consecutive flowers for a range of flower species. Bees learned the simple Apocynum and Prunella flowers 
quickly, but had longer handling time and longer learning times on the elaborate Impatiens and Aconitum flowers. 
(Redrawn from Heinrich 1979b.) 


cies, leading to increased floral constancy (see chapter 
11). Learned behavior is probably more marked and 
more complex in social bees than in solitary ones (Du¬ 
kas and Real 1991; Campan and Lehrer 2002), and 
this may give the social species greater floral constan¬ 
cy and more efficient foraging. Learning in social bees 
is a topic of intense research activity (reviewed by 
Menzel and Muller 1996; Menzel 2001; Srinavasan 
and Zhang 2003), especially using Apis and Bombus, 
and what follows is largely based on work with those 
two genera. 


Flower Features 

Bees can learn various features of flowers, including 
shape and size, orientation and symmetry (e.g., Muller 
1995a; Lehrer et al. 1995), and also color (e.g., Giurfa 
et al. 1995; Hill et al. 1997; Gumbert 2000). In effect 
this allows them to learn the quickest route to access 
the nectar or pollen (where to land, which direction to 
move in, where to probe) and so to learn a preference 
for a particular floral species at a given time (Menzel 
2001). They learn simple odor or color reward- 
associated choices readily, but odor rather more rap- 
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Table 1 8.5 

Flower Handling Time and Its Improvement with Experience for 
Different Floral Types Visited by Bombus Workers 



Foraging success (%) 


Handling time (s) 


1 st visit 

7 st visit 

55 th visit 

Open bowl flowers 

Apocynum sibiricum 

100 

5.5 

0.4 

A. androsaemifolium 

100 

14.1 

0.3 

Short open tube flowers 

Prunella vulgaris 

100 

13.9 

0.1 

Vicia cracca 

100 

18.1 

0.2 

Impatiens capensis 

70 

20.4 

1.7 

Longer or constricted tube flowers 

Centiana andrewsii 

45 

44.4 

6.5 

Chelone glabra 

40 

196.6 

8.1 

Elaborate closed flowers 

Aconitum henryi 

35 

134.7 

13.6 

A. napellus 

29 

153.5 

3.0 


Source: From Laverty 1994b. 


idly (see fig. 6.6). In addition, honeybees show classi¬ 
cal conditioning responses and can form complex 
associative links, for example between visual or olfac¬ 
tory floral advertisements and received floral profits. 
Multimodal choices improved their decision making 
even further, with faster learning and better accuracy 
(Kulahci et al. 2008). 

Flower-Handling Behaviors 

Figure 18.6 showed the variety of approaches that a 
bee might require for visiting different flower types. 
Table 18.5 gives examples of speeds of handling and 
of improving handling, for various kinds of flower, 
based on Laverty (1994b). Bumblebees needed almost 
no time to achieve appropriate foraging techniques on 
open-bowl flowers with freely accessible nectar, but 
could take at least 60-80 visits to become maximally 
efficient on complex zygomorphic corollas such as Im- 
patiens (as in fig 18.12). Bumblebees also handled bi¬ 
lateral flowers about 45% faster than radial flowers 
and symmetrical bilateral flowers 20% faster than lop¬ 
sided flowers (West and Laverty 1998). It follows that 
the caloric reward gained from the less easily handled 


flowers must be significantly higher if the effort of for¬ 
aging (even after learning) is to pay off. 

The efficiency of memory for particular species is 
certainly reinforced by learned motor patterns (han¬ 
dling behaviors); bees that learned a single task in the 
laboratory were more efficient than those that learnt 
two (Chittka and Thomson 1997), and individual bees 
often learn their own particular ways of handling com¬ 
plex flowers. Hence they can apply learned flower fea¬ 
tures to distinguish between unfamiliar floral species 
and can use prior knowledge to detect poorly visible or 
cryptic flowers. These attributes impact upon their flo¬ 
ral foraging efficiency and can substantially reduce the 
length of time spent foraging per unit reward collected. 
For example, pollen collection rate on poppy flowers 
increased substantially over four successive foraging 
bouts in bumblebees, giving significant time savings 
on the later bouts (Raine and Chittka 2007a). Learning 
and memory are not unlimited however; in that same 
study pollen collection was markedly poorer early the 
next day, indicating overnight forgetting. Limitations 
on learning are also indicated by the significant costs 
of switching to new flowers (Chittka et al. 2001; Du- 
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kas and Kamil 2001). This may be important in itself, 
as it ensures that a bee cannot easily remember how to 
handle too many flower types at once, again reinforc¬ 
ing constancy, to the potential benefit of both partners. 

Flower-visiting behaviors that are learned will in¬ 
evitably vary with bee age and experience. Newly 
emerged and very young worker honeybees could not 
achieve associative learning (for example, linking odors 
and rewards), this ability normally appearing about 
5-9 days after emergence (Ichikawa and Sasaki 2003). 
However, olfactory information could be gained dur¬ 
ing the pupal phase which affected behavior in mature 
bees (Sandoz et al. 2000), so that adult bee foraging 
activity depended partly on the stored pollens encoun¬ 
tered in the nest as juveniles, perhaps giving continuity 
in learned behavior from one season to another. 

Foraging Routes; Spatial and 
Temporal Learning 

Bees can also learn routes and pathways between flow¬ 
ers, whether in the long-range trap-lining of eugloss- 
ines and some bumblebees or in a more local manner. 
Experienced bees evidently know where their previ¬ 
ously visited plants are and approach them directly; 
and they can therefore be readily tricked into visiting 
plants distant from the nest that were rewarding and 
visited earlier in the day or on a previous day but that 
have had their flowers artificially removed. Similar ef¬ 
fects occur on a much smaller scale, where a bee will 
on successive trips repeatedly alight first on a single 
highly rewarding blossom chosen from among many 
others in a patch. This must require a very exact aware¬ 
ness of flower position. It can be coupled with learned 
awareness of reward status through time, since many 
bees will travel directly to one species that dehisces 
early in the morning but then transfer to another (for¬ 
merly ignored) roughly at the time when it starts to 
produce pollen or nectar some hours later. Clearly, 
new olfactory cues associated with the onset of reward 
availability could partly explain this, but there are many 
instances where the sequential change of preference 
appears without any apparent sampling of the alterna¬ 
tives. In fact, honeybees have an intrinsic clock mech¬ 
anism, giving them a good sense of time (Moore 2001), 
allowing them to learn daily flower reward schedules. 
Foraging Apis can make precise associations between 
food presence and time of day, using this endogenous 
periodicity. How far inherent timing systems are pres¬ 
ent in other bees is uncertain, although circadian ef¬ 


fects occur in the foraging of eusocial Scaptotrigona 
bees when they are kept under constant light (Bellusci 
and Marques 2001). Recent evidence indicates that in 
bumblebees even more precise learning of temporal 
patterns of reward status is possible, as bees can learn 
to time the interval at which higher-reward artificial 
flowers are presented, remembering both when a re¬ 
ward is produced and what type of reward it is (Bois¬ 
vert et al. 2007). 

Foraging Choices and Optimization 
As a result of their substantial learning capacities, bees 
in general and eusocial bees in particular are notewor¬ 
thy for their ability to make complex decisions about 
flower foraging. To summarize a great deal of research, 
in general eusocial bees seem not to respond to nectar 
concentration or sugar rewards per se, and not to maxi¬ 
mize their rate of energy gain except perhaps in the 
very short term, but rather they often prefer minimum- 
variance flowers (risk-sensitive foraging), and will 
leave a high-variance inflorescence more quickly than 
one with constant resource (e.g., Waddington et al. 
1981; Real etal. 1982; Harder and Real 1987; Possing- 
ham et al. 1990; Banschbach and Waddington 1994; 
Shafir et al. 1999; Biernaskie et al. 2002; and reviews 
by Cartar and Abrahams 1996; Perez and Waddington 
1996). Plants should then evolve strategies that maxi¬ 
mize their perceived profitability to a bee that is operat¬ 
ing with this approach, resulting in cognition-mediated 
coevolution between plant and bee (Shafir et al. 2003). 

However, this risk-averse effect commonly dimin¬ 
ishes as the mean reward size increases, and the visi¬ 
tors become more inclined to take risks. In fact Taney- 
hill (2007) showed that with Bombus risk aversion 
diminished over time anyway, and his studies with a 
longer timespan showed rate maximization as the cru¬ 
cial currency (i.e., more like the situation in birds and 
bats). The bees’ preferences may also change with 
colony state, so that a bee from a nest that is short of 
nectar may opt for gross intake of volume, while indi¬ 
viduals from a richly stocked colony may make more 
subtle decisions about maximum profitability of par¬ 
ticular flowers. And the flower preferences of social 
bees often vary intraspecifically, so that small workers 
may make quite different choices from large workers 
(see Harder 1988). Finally, preference may change 
with pollinator density, so that bumblebees became 
more generalist when competition for resources was 
higher in laboratory tests (Fontaine et al. 2008). 
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Figure 18.13 Menzel's model for different dura¬ 
tions of bee memory patterns: (A) the nature of 
interbout, interpatch, and intrapatch decisions; 
(B) the hypothesized storage of relevant infor¬ 
mation in different memory levels with different 
time constants. (Redrawn from Menzel 2001.) 


Bee Memory Patterns 

Eusocial bees appear to have both long- and short-term 
memories (LTM and STM). LTM is affected by the 
experience of many flowers or many foraging trips, 
while STM may be related only to the last flower vis¬ 
ited (Cresswell 1990; Real 1992). In fact Menzel 
(2001) distinguished three memory systems for hon¬ 
eybees (fig. 18.13), which may be more generally ap¬ 
plicable to bees: the early short term memory (ESTM) 
works with a timespan of seconds, effective for move¬ 
ments within a patch of flowers, the normal STM lasts 
for minutes and can aid movements between patches, 
while spans of many minutes or hours in mid- and 
long-term memory should mediate behaviors across 
many foraging bouts and across days or weeks of for¬ 
aging; and recall can even last for months with bees 
that overwinter. 

In the laboratory, memories relating to flower char¬ 
acters once acquired can persist for three weeks or 
more (Chittka 1998), although they decay a little each 


night and improve again each day (Keasar et al. 1996). 
Foraging success in honeybees increases through the 
first week of foraging activity, which corresponds with 
median lifespan, so that these bees are spending a large 
part of their adult life in learning and improving their 
foraging skills (Dukas and Visscher 1994). They prob¬ 
ably only achieve maximally efficient flower-feeding 
patterns as they approach the end of their lives. 

5. Melittophily Types 

Bees are unusually diverse as a pollinator group, and 
their diversity shows interesting global patterns, peak¬ 
ing at 40-50°latitude (fig. 18.14A). But in relation to 
plant diversity the bees tend to show relatively low di¬ 
versity in the tropics (Panama, Cuba, Philippines), and 
also in Australia and southern Africa, but rather high 
(ratios of 5:1 or less) in most of the north temperate 
habitats (fig. 18.14B). 
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Figure 18.14 (A) Bee diversity patterns worldwide 
against latitude, corrected for landmass, and (B) 
the same, showing roughly proportional relation¬ 
ships with flower diversity, peaking in northern 
temperate and some Mediterranean habitats; solid 
line, ratio 10:1, dotted lines, ratios of 5:1 and 
20:1. (Redrawn from Ollerton et al. 2006, com¬ 
piled from various data sources.) 



Given these complex patterns and the differences 
between various bee taxa, it is not possible to identify 
a single version of melittophily, and several different 
syndromes are therefore presented below. 

Type 1: Solitary Bees 

Solitary bees constitute by far the majority of all bee 
species, and it should be evident by now that it is 
almost impossible to generalize about them, as they 
are extremely variable in habit as well as in size and 


tongue length (see table 18.2). There is really no justi¬ 
fication for treating them together as one subsyndrome 
of melittophily. However, most of them have been 
relatively little studied so they must be considered to¬ 
gether here for simplicity. 

Solitary bees appear to be more common and speci- 
ose in savanna and desert habitats than in the more 
equable tropics (see references in Michener 2000). 
There are probably around 3000 species in Australia, 
3000 in Africa, and about 3000 in the Mediterranean 
basin. The majority are ground-nesters, in drier and 
sandy or rocky patches of bare soil, linking to abun- 






404 • Chapter 18 


dance in warmer and semiarid habitats where this kind 
of substratum is readily available. Their numbers and 
diversity can be reduced where site aspect allows inun¬ 
dation by seasonal rains or where there is heavy graz¬ 
ing to trample nests (e.g., Vulliamy et al. 2006). Most 
of them forage over relatively short ranges in practice, 
but even the small species can have flight ranges up to 
1250 m on occasion (Beil et al. 2008). 

The majority of the solitary bees encountered in 
Europe and North America are short to medium 
tongued, although some of those with medium-sized 
bodies (such as mason bees ( Osmia ), leaf-cutter bees 
(Megachile ), and some of the anthophorines) can have 
tongue lengths equal to or slightly greater than their 
own body length. In the tropics, the tongues of eu- 
glossine bees may be disproportionately long, and 
these are dealt with separately below, as are the sting¬ 
less bees. 

Small solitary bees are commonly members of the 
halictid and the andrenid families in most palaearctic 
and nearctic habitats, although some colletids (with 
very short tongues) also occur in most communities 
and become dominant in Australasia. Medium and 
larger bees will commonly be megachilids (leaf-cutter 
bees) and anthophorines in Europe, but eucerines be¬ 
come common in warmer and semiarid habitats and 
larger numbers of allodapines occur in Australia and 
southeast Asia. There are differences in small- and 
large-bee behaviors (see Dafni et al. 1997), the smaller 
species tending to fly slower and lower and to hover at 
a flower before landing, while large bees fly higher 
and into forest canopies, landing directly on chosen 
flowers (see chapter 27). The larger bees are also more 
likely to select bilateral flowers with a “side-on” ad¬ 
vertisement, while smaller bees select radial flowers 
with a particularly dissected rim. 

Flower types that are visited by solitary bees tend to 
show a prevalence of Asteraceae and mimosoid Fa- 
baceae, especially for those bees with an abdominal 
scopa as they can collect pollen simply by scraping 
their undersides across the dorsal surface of the flow¬ 
ers. In Europe and North America, the early spring 
species (often Andrena and some Anthophora) visit 
willow ( Salix ) catkins when they first emerge (plate 
29H), then rapidly move on to some of the springtime 
yellow composites and to buttercups ( Ranunculus ), 
lungworts ( Pulmonaria ), bluebells ( Hyacinthoides ), 
fruit trees ( Malus , Prunus ), and speedwells (Veronica). 


The nectar-rich flowers of hawthorn ( Crataegus ) are 
favored in late spring. In high summer a wide range of 
Asteraceae are visited: shorter-tongued species choose 
yarrows ( Achillea ) and tansy ( Tanacetum ), while the 
medium-tongued bees may prefer deeper-flowered 
knapweeds ( Centaurea ), bowl-shaped flowers such as 
Campanula and Malva, and small Fabaceae such as 
clovers ( Trifolium ). The long tongues of Osmia, Mega- 
chile, and later-emerging Anthophora visit larger Fa¬ 
baceae, but also Boraginaceae, Scrophulariaceae, and 
Lamiaceae, including Echium, Penstemon, and many 
of the genera listed later for bumblebees (table 18.6). 
In late summer, some very short-tongued Colletes ap¬ 
pear and frequent heathers ( Calluna ), while many of 
the medium- and longer-tongued solitary bees are 
abundant on bramble (Rubus fructicosus) and field 
bindweed ( Convolvulus ). 

Similar listings for warmer and tropical climates 
could be compiled. For example, large-bee flowers in 
the relatively dry tropics have been treated in detail by 
Frankie et al. (1983), with anthophorine and eugloss- 
ine bees the commonest visitors. They listed the flower 
characteristics as diurnal and generally lasting one day 
only, often opening rapidly and synchronously before 
0530 h; large and colorful (yellow/orange or pink/ 
purple dominating) and usually zygomorphic; usually 
hermaphrodite; and more often occurring on trees and 
vines than on other plant growth forms. In the dry sea¬ 
son most bloomed en masse, attracting huge numbers 
of bees (up to 15,000), whereas the relatively few spe¬ 
cies that flowered into the wet season had more ex¬ 
tended blooming periods (fig. 18.15, and see chapter 
21). By contrast, flowers visited by small bees were 
more commonly those sited on trees, shrubs, climbers, 
and herbs, tending to be small and often white, and 
frequently radially symmetrical, each flower lasting 
one day but the overall flowering period lasting for sev¬ 
eral days or weeks. In warm savanna habitats the 
grass-visiting bees become noticeable in the early 
mornings, one example being the genus Lipotriches 
throughout the savanna regions of Africa (pers. obs. in 
East Africa; Tchuenguem et al. 2004 in West Africa). 

Evidently, defining a flower type for solitary bees 
as a whole is an impossible task. However, a great 
many short or medium tubular and bell-shaped flowers 
are visited predominantly or exclusively by bees, and 
a high proportion of those visits will be from solitary 
species except where honeybee hives are abundant or, 
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Figure 18.15 Flowering seasons of large-bee flowers in Costa Rican forest, with short mass-flowering seasons of 
mainly one-day flowers in the dry months; those labeled E had more extended flowering seasons and occurred 
mainly in the wetter months. (Modified from Frankie et al. 1983.) 


more rarely, where bumblebees dominate in colder 
habitats. 

Solitary bees often show flower constancy (Gross 
1992) although it may be less developed overall than 
in social species for reasons already mentioned. Euro¬ 
pean Andrena species showed strong constancy to 
various fruit-tree pollens or to sycamores (Acer) as in¬ 
dicated by their pollen loads (Chambers 1968). In 
North America, analysis of pollen loads from Andrena, 
Anthophora, Lasioglossum, and Megachile also showed 
good to very good levels of constancy (Grant 1950; 
table 11.4). Some tropical solitary bees are also ex¬ 
tremely flower constant, for example, the Creighto- 
nella (Megachile ) bees foraging in coffee plantations 
in Papua New Guinea (Willmer and Stone 1988). These 
examples perhaps give a somewhat unbalanced pic¬ 
ture, merely indicating constancy when circumstances 
permit or dictate it (mass-flowering trees, or artificially 
concentrated resources in agricultural systems). How¬ 
ever, there are also many more casual and unquantified 
records of solitary bees consistently preferring one 
flower among others available; see Proctor et al. 
(1996). Constancy in tropical euglossine bees that 
trap-line between flowers is also well known (see Type 


3: Euglossine Bees below). Flower constancy is often 
limited by apparent rules for departure rather than 
rules for staying on a plant; for example, both An¬ 
thophora and Eucera showed patterns of departure 
from Anchusa strigosa that depended on the amount of 
nectar received from the last two flowers visited (Kad- 
mon and Shmida 1992). In fact, decisions on foraging 
can be finely tuned to nectar rewards; Gilbert et al. 
(1991) demonstrated that Anthophora could distin¬ 
guish between individual Cerinthe flowers on the basis 
of their nectar secretion rate (perhaps using flower age 
as a cue), and Taneyhill and Thomson (2007) showed 
that many bees did not obey the simple “depart after 
two empty flowers” rule, instead making complex de¬ 
cisions based on recent experience in a floral spatial 
array. Collevatti et al. (1997) likewise found that in 
practice the rule depended on patch density but also on 
body size for a range of Neotropical bees. 

Specialist and monolectic solitary bees do occur. 
Macropis species are almost exclusively seen on flow¬ 
ers of yellow loosestrife ( Lysimachia ), from which 
they collect pollen and oils (see chapter 8; plate 19H), 
although some syrphid flies may also visit this plant on 
sunny days (Kwak and Bekker 2006). Andrena hat- 


































406 • Chapter 18 


torfiana is specialist on the family Dipsacaceae, which 
in northern Europe largely restricts it to Knautia (Lars- 
son and Franzen 2007), and Andrena vaga as men¬ 
tioned above is a specialist on willows ( Salix ). The 
European species of Melitta are also fairly specialist, 
on certain legumes and campanulas; for Campanula 
rotundifolia, Melitta and Bombus seem to successfully 
exclude each other (Kwak and Bekker 2006). Rediviva 
bees are specialists on oil-producing Diascia species 
in southern Africa, and there is a precise matching be¬ 
tween the lengths of oil-secreting spurs on the flowers 
and the lengths of the bees’ forelegs that gather the 
oils, both across species and even between races with¬ 
in species (Steiner and Whitehead 1990). In North 
America, Trachusa larreae exclusively visits creosote 
bush, and Hesperapis oraria is a constant visitor to 
sunflowers on Gulf Coast dunes. Perdita meconis in 
Utah is an oligolege on just a few species of poppy and 
monolectic at any one site; for example, it is exclusive 
to the endangered bearclaw poppy Arctomecon humi- 
lis in some sites (which is visited earlier in the season 
by Synhalonia and later by Apis; Buchman and Nab- 
han 1996). Certain plant species are also fairly exclu¬ 
sively pollinated by particular solitary bees, even if 
those bees also visit other plants; for example, the or¬ 
chid Cyclopogon elatus is pollinated only by Augochlo- 
ra sweat bees (Benitez-Vieyra et al. 2006). 

Type 2: Carpenter Bees 

Xylocopa is the main genus of carpenter bees (named 
from their normal habit of nesting in holes dug into 
wood), and includes large, strongly built insects (plates 
30C-E and 33A) resembling large Bombus; Ceratina 
and two other small genera also belong here, but are 
smaller and slenderer bees, often rather hairless and 
sometimes with metallic coloration, more like the soli¬ 
tary groups in their flower-visiting behaviors. 

Xylocopa bees have somewhat shorter tongues than 
bumblebees, housed on stout beak-like mouthparts, 
highly sclerotized, which can be forced into quite en¬ 
closed nectaries. They have rather small scopae for 
their size and may carry some pollen in their crops. 
The genus shows varying degrees of sociality, from 
entirely solitary species to semisocial examples, varia¬ 
tion occurring even within a species. These bees occur 
in most continents, although not in colder habitats, and 
the taxon includes some dusk and nocturnal species, 


especially in the subgenus Proxylocopa (often forag¬ 
ing on Capparis around the Mediterranean and quite 
common visitors to night-blooming trees such as Het- 
erophragma in India; Somanathan and Borges 2001). 

Given their size and build, carpenter bees should 
need large and stoutly built flowers to visit; and they 
need moderate to high volumes of nectar to fuel their 
flight, at medium concentrations which pose no prob¬ 
lem for their relatively short tongues. Like bumblebees 
they often pick flowers that occur on stout spikes that 
can bear their weight, and they tend to work upward on 
vertical flower spikes (Orth and Waddington 1997). 
They are commonly recorded on large individual flow¬ 
ers such as Cassia, Hibiscus, Lathyrus, Virgilia, Thun- 
bergia, Passiflora, Calotropis, and Fouquieria but 
somewhat surprisingly also crop up regularly on much 
smaller aggregated flowers such as thistles, alliums, 
hydrangeas, lavenders, Lantana, and Asclepias (al¬ 
though they generally avoid the more open aggregated 
flowers of umbellifers, etc., where nectar rewards are 
just too small). Moreover, they are notorious even by 
bee standards for their propensity for robbing tubular 
flowers that are too narrow to allow their entry, by bit¬ 
ing through the side of the corolla base. Perhaps more 
than most bees, then, they are prone to visit some flow¬ 
ers not obviously suited to them. For example, they 
will go to Oenothera elata, which opens toward dusk 
(it was always assumed to be a hawkmoth flower) and 
in doing so they can deposit pollen on up to 70% of 
stigmas (Barthell and Knops 1997). They also seem to 
be specialist pollinators of at least one orchid, the 
spectacular blue-flowered Herschelianthe genus in 
southern Africa (Johnson 1993). 

Type 3: Euglossine Bees 

Euglossines, or orchid bees, are medium to large bees 
of the Neotropics (Mexico to Argentina, but mostly in 
tropical forest). There are about 200 species; many 
( Euglossa , Exaerete, and Aglae) are brilliantly metal¬ 
lic blues, bronzes, and greens, and rather hairless, 
while the genera Eulaema and Eufriesea contain larger 
and hairy bees resembling stout bumblebees. They 
have rather weak endothermy and are only active in 
daylight, but all are fast flying and can cover long dis¬ 
tances between flowers, often trap-lining along known 
routes each day. They predictably arrive at a site even 
if the flowers there have been removed (Janzen 1971), 
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Figure 18.16 Proportions of tongue length to body length in a typical 
euglossine bee; see also fig. 9.6. 


so they are attracted to and sequentially constant to 
sites rather than to specific flowers. They have ex¬ 
tremely long tongues, often substantially longer than 
their own bodies (see figs. 9.6 and 18.16, and plate 
30B), so will take nectar from a wide range of long 
tubular flowers. They require fairly low-concentration 
nectar; in modeling their tongue action, which involves 
a particularly strong suction action, Borrell (2006) 
showed an optimum intake rate at 30%-38% concen¬ 
tration that fits well with recorded preferences of 
34%-42% irrespective of body size (Borrell 2007). 

The euglossines are also well known for their habit 
of taking scents as rewards from flowers to act as sex¬ 
ual perfumes (chapter 9). For this they use mainly or¬ 
chids (occasionally some other flowers from Araceae, 
Gesneriaceae, and Solanaceae), with varying degrees 
of specificity. The chemicals, once scraped up, are 
stored in pouches on the rear legs and probably used 
as, or as precursors to, lek-related pheromones (chap¬ 
ter 9). In general, there are not precise one-to-one 
flower relationships for these bees, most species visit¬ 
ing several different orchids, and any one orchid may 
get visits from several species of euglossine. However, 
specificity for the plant is achieved by pollinia place¬ 
ment, which is very precise (on the head, thorax, or 
abdomen, and dorsally, laterally, or ventrally) as shown 
in figure 18.17. The architecture of each flower forces 
the pollinia-laden bee to twist about and maneuver in 
a way that ensures only the right pollinia are picked 



Head Thorax Abdomen 


Figure 18.1 7 Precise placement of orchid pollinaria from 11 different 
species on bodies of euglossine bees. (Modified from Dressier 1968.) 


off from the right site by carefully shaped stigmatic 
surfaces. 

Euglossine bees are particularly renowned for trap¬ 
lining, traveling long distances along the same route 
each day between widely dispersed flowers. Janzen 
(1971) showed that they could find their way back to 
their nests when displaced at least 23 km away, doing 
so in a little over an hour. The tropical flowers they 
visited showed a rather typical pattern of flowering 
over a long period but with just a few flowers each day 
(see chapters 21 and 27). Each euglossine visited just 
one or a few species of plant and flew a set route each 
day between its chosen trees. 

These bees are therefore almost uniquely important 
for the pollination of widely dispersed but obligately 
outcrossing tropical tree and orchid species in the New 
World. 


Type 4: Bumblebees 

Bombus species are stout, furry, and relatively large 
bees although they vary in size and tongue length (see 
table 18.2). Bumblebees are all primitively eusocial 
(except for a few kleptoparasitic species), living in 
small to medium seasonal nests, with only the queens 
normally being perennial. 

Bumblebees were among the first invertebrates 
shown to exhibit partial endothermy (with warm-up 
rates up to 11°C min -1 ), and their physiological and 
behavioral mechanisms for maintaining a constant T b 
before and during foraging flights are particularly well 
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known (reviewed by Heinrich 1979a, 1993). Never¬ 
theless, temperature considerations remain important 
structuring agents for their diel activities. Some Bom- 
bus species are active in the very early spring and late 
autumn, flying at air temperatures only a little above 
freezing; they are also usually active earlier and later 
in the day than other insects and most other bees (in¬ 
cluding Apis) and tend to appear in lower numbers 
around midday (e.g., Willmer 1983; Stanghellini et al. 
2002), with precise patterning related in part to spe¬ 
cific body size. Larger species usually have lower ther¬ 
mal windows (i.e., they work in cooler conditions and 
avoid hotter ambient temperatures) than smaller ones, 
as simple physical principles would predict. Non-size- 
related physiological differences also occur between 
Bombus species, though; for example, of the common 
European bumblebees, the medium-sized B. lapidari- 
us has a distinctly higher setting for its thermal win¬ 
dow than most other species with which it is sympatric 
(Corbet et al. 1993). 

Bumblebees are common in temperate and colder 
habitats, linking to their strong endothermic abilities 
and their very well-insulated furry bodies, and they are 
far more speciose in Eurasia than in North America. 
They are also important in some Neotropical ecosys¬ 
tems, but absent in most of Africa and occur only at 
altitude in India and Southeast Asia. They tend to be 
less common in woodland but abundant in pastureland, 
clearings, and forest edges. Overall, tubular flowers are 
often commoner than open flowers in temperate woods 
and occur throughout the season, especially in the 
semishaded parts accessible to Bombus but not to more 
sun-loving species. However, in large natural wood¬ 
lands in North America there are usually more open 
flowers (many of them capable of self-pollinating) and 
fewer specialized bee flowers, and also fewer bumble¬ 
bees, perhaps because of the lack of edges, hedges, 
and clearings. 

Typical bumblebee flowers (table 18.6) are quite 
large, usually zygomorphic, and often long tubed or 
gullet shaped. They are very commonly from the fami¬ 
lies Lamiaceae, Scrophulariaceae, and Fabaceae; the 
majority of pollen collected often comes from faba- 
ceous flowers (Goulson et al. 2008). Colors are often 
in the blue and purple range (sometimes with paler 
centers or even translucent lateral windows near the 
base, as in some gentians), and also including pinks, 
creams, and whites. However, there is also a range of 
yellow flowers much frequented by bumblebees, espe¬ 


cially among the legumes (Fabaceae). Although there 
may be innate preferences in naive bees (see section 4, 
Behavior and Learning in Flower-Visiting Bees), in 
practice preferences that relate to the main flower- 
visiting periods are learned as the bees start to forage; 
they readily learn to associate reward size with flower 
size (Blarer et al. 2002) and maybe to associate either 
of these with floral colors and scents (Menzel and 
Muller 1996; Dornhaus and Chittka 1999, 2004). 
However, they do not transfer this learning to novel 
situations, thus limiting the overall efficiency of their 
foraging. 

Bumblebee flowers often have features that make 
the nectar harder to gather, perhaps with barriers of 
hairs or constrictions in the corolla; this can be readily 
seen in many garden and hedgerow plants such as An¬ 
tirrhinum, Delphinium, comfrey ( Symphytum ), and 
toadflax ( Linaria ). Many of the legumes visited have 
tripping mechanisms, and individual bee size (in effect 
body weight) therefore affects how well each bumble¬ 
bee performs on flowers such as Cytisus (Stout 2000). 
On any of these more complex flowers, the first visit 
by a worker bee may be rather long and inefficient, as 
she struggles to locate a reward. However, handling 
time decreases sharply on subsequent visits and may 
be reduced tenfold after a reasonable learning period 
(Laverty 1994a; see fig. 18.12), greatly increasing the 
rate of intake of nectar. The most difficult bumblebee 
flowers tend to offer an unusually high reward, so that 
it pays a bee to take time to learn to handle them and 
then to show constancy to them. 

There is a need for caution here, though, because 
flowers that are regarded as typical bumblebee types 
in practice make up only a moderate proportion of all 
the flowers that Bombus can be seen visiting. This is 
partly because our perceptions of bumblebee flowers 
are largely those chosen by the long-tongued species 
(e.g., B. hortorum, B. consobrinus), which take nectar 
that is out of reach of almost all other visitors in their 
habitats, and which always visit legally. In contrast, 
short-tongued species (e.g., II. lucorum, B. bifarius) 
visit many short tubular corollas and bowl-shaped 
flowers, and may also exploit nectar from longer tubes 
illegally, via holes made in the side with their mandi¬ 
bles (fig. 18.18 and chapter 24). Tongue length is 
therefore critical. Bumblebees on average visit flowers 
that are just a little shorter than their maximum tongue 
length (Brian 1957; Prys-Jones and Corbet 1991), so 
they can avoid the nectar dropping out of reach too 


Pollination by Bees • 409 


Table 1 8.6 

Typical Bumblebee Flowers in Eurasian and North America 


Family 

Species 

Common name 

Colors 

Zygomorphic or radial tubular flowers 

Scrophulariaceae Digitalis spp. 

Foxglove 

Purple, white 


Pedicularis spp. 

Lousewort, betony 

Pink, red, yellow 


Antirrhinum majus 

Snapdragon 

various 


Unaria spp. 

Toadflax 

Purple, yellow 

Boraginaceae 

Echium spp 

Bugloss 

Blue/purple 


Symphytum spp. 

Comfrey 

Cream* 

Ranunculaceae 

Aconitum napellus 

Monkshood 

Blue, cream, yellow 


Delphinium spp. 

Delphinium, larkspur 

Blue 

Lamiaceae 

Lamium spp. 

Dead-nettle 

Purple, white 


Stachys spp. 

Woundwort 

Pink, purple 


Salvia spp. 

Sage 

Blue, purple, pink, cream 

Gentianaceae 

Centiana spp. 

Gentian 

Blue, pale/white inside 

Caryophyllaceae 

Silene dioica 

Red campion 

Red/pink 

Liliaceae 

Hyacinthoides spp. 

Bluebell 

Blue* 

Zygomorphic keeled flowers 

Fabaceae Trifolium spp. 

Clover 

Purple, pink, white 


Vida spp. 

Vetch, broadbean 

White* 


Lathyrus spp. 

Vetch, sweet pea 

Purple, pink, white* 


Lotus spp. 

Trefoil 

Yellow 


Medicago spp. 

Medick, lucerne, alfalfa 

Purple, yellow 


Uiex europaeus 

Gorse 

Yellow 

Fumariaceae 

Corydalis spp. 

Corydalis, jack-by-the-wall 

Purple, white, yellow 

Brush-blossom flowers 

Dipsacaceae 

Scabiosa spp. 

Scabious 

Blue, purple, pink 

Asteraceae 

Centaurea spp. 

Knapweed 

Purple 

Pollen only, buzz-pollinated flowers 

Papaveraceae Papaver spp. 

Poppy 

Red, pink, yellow 

Solanaceae 

Solanum dulcamara 

Bittersweet 

Purple 

Primulaceae 

Dodecatheon spp. 

Shooting star, American 

Purple 

Ericacaceae 

Vaccinium spp. 

cowslip 

Cranberry, bilberry 

White, pink 


Arctostaphylos uva-ursi 

Bearberry 

White, pink 

Other 

Balsaminaceae 

Impatiens spp. 

Balsam 

Pink, cream 

Violaceae 

Viola spp. 

Violet, pansy 

Purple 

Iridaceae 

Iris pseudacorus 

Yellow flag iris 

Yellow 


Commonly visited illegitimately by shorter-tongued species. 
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Figure 18.18 Robbing behavior patterns for 
five species of European bumblebees of differ¬ 
ent tongue lengths on Linaria vulgaris; B. pas- 
cuorum and B. hortorum have the longest 
tongues. (Modified from Stout et al. 2000.) 


quickly as they forage, and they extract nearly all the 
nectar that is present. 

Bombus species could be characterized as good 
generalists and rather opportunistic as a species; but in 
fact any one individual shows a good level of flower 
constancy, foraging primarily on a “major” flower and 
usually checking out one or two others (“minors”) as 
well (Heinrich 1979b). Commonly, perhaps 90%+ of 
all visits are to one species out of many possibles, the 
other 10% being to just one or two minor choices. Fig¬ 
ure 18.19 shows examples. An individual generally 
makes these decisions for herself and not just by fol¬ 
lowing scout bees. The preferred flower is likely to 
switch readily within days or even hours, but on any 
one foraging trip a bee normally retains its strong ma¬ 
jor flower fidelity. Individuals are therefore specialists, 
with learned behaviors on their preferred plants; but 
different individuals from one nest may be operating 
with different preferences within the same flowering 
community (fig 18.19B). In this way, the nest may get 
the benefits of both generalization and specialization. 

Bumblebee flower constancy has been particularly 
well documented, with both natural and artificial flow¬ 
ers, and Gegear and Thomson (2004) showed explic¬ 
itly that bumblebees were economically better foragers 
when showing floral constancy. The bees may behave 


differently with very rewarding easy and conspicuous 
flowers and with less typically bee flowers that are less 
apparent; but they can be constant with both. For ex¬ 
ample, on houndstongue (Cynogolossum officinale), 
which has inconspicuous flowers that change from 
brown-red when young to purple when old, they often 
did not visit the plants at all for several days after 
opening (Manning 1956b), apparently unattracted by 
the strong mousy smell; then a few individuals did 
learn to visit and thereafter returned regularly, effec¬ 
tively trap-lining on the houndstongue and showing 
good constancy. They consistently preferred the 
younger flowers, soon searching out all examples in a 
particular area, while ignoring much showier and 
highly rewarding flowers such as foxglove ( Digitalis ). 
In contrast, other individuals of the same species start¬ 
ed to visit Digitalis as soon as flowers appeared even 
slightly colored, often forcing their way in between 
still unopened petals and finding all the local plants 
very quickly. 

However, constancy due to limitations from motor 
and sensory factors (as discussed in chapter 11) is not 
the whole story: persistence with the major plant may 
also depend on its continuing to match a reward expec¬ 
tation (Wiegmann et al. 2003), with a bumblebee sam¬ 
pling alternative flowers only when this expectation is 
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Figure 18.19 (A) Majoring and minoring in bumblebees; for 6 bees, each line represents at least 25 consecutive 
flowers of one species being visited, with arrow at end of trip, most bees visiting one species predominantly but 
with occasional visits to a second or third species (redrawn from Heinrich 1979b). A, Aster, C, Campanula ; G, Ca- 
leopsis; I, Impatiens; S, Solidago ; Sp, Spiraea. (B) The different flower preferences of five Bombus vagans workers 
working in the same field; white bars for dandelion, gray bars for red clover, black bars for carrot (modified from 
Heinrich 1976a). 


no longer realized. Heinrich (1983b) showed that a 
bumblebee on a patch that is becoming unrewarding 
alters its behavior, increasing the flight distance be¬ 
tween flowers and decreasing the angles between suc¬ 
cessive flights, so that it is progressively more likely to 
leave that patch. And Raine and Chittka (2007b) found 
that switching between flowers did not in itself reduce 
handling efficiency. Instead the bees lost efficiency by 
losing time flying between flowers; hence a new flower 
encountered within 0-2 s would be visited only if it 
was the same flower type as the previous one, but if 
encountered after an interval of more than 3 s it might 
be visited even if of a new type. 

The result of this relative constancy is that for Bom¬ 


bus 44%-65% of pollen loads have been recorded as 
monospecific (Free 1970b, and others). From the 
plant’s point of view this means that bumblebees can 
be acting as highly specialized visitors. For example. 
Alstroemeria aurea flowers received more than 90% 
of all their visits from Bombus dahlbomi workers, even 
though the flower patches were changing from mainly 
male phase to mainly female phase as the season pro¬ 
gressed; and this bumblebee also had by far the highest 
per visit effectiveness of all the insects that were re¬ 
corded on the plant (Aizen 2001). 

Bumblebees learn how to handle a very wide range 
of flowers, as summarized pictorially in figure 18.6., 
with examples in plate 31 including foraging on some 
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apparently inappropriate flower types. Some examples 
of their averaged learning curves were shown in figure 
18.12, although individual variation occurred with the 
age and size of individuals (Laverty 1994b). They are 
particularly likely to choose flowers that grow in spikes 
and to work upward on spikes, which correspondingly 
open from the bottom and are protandrous (chapter 3, 
fig. 3.13); specific examples for a bumblebee are 
shown in figure 18.20. Many such plants have stronger 
nectar production in their female flower phase, strong¬ 
ly promoting cross-pollination and outbreeding. How¬ 
ever, this upward movement can occur even on plants 
with no nectar or age gradient in the flowers (Orth and 
Waddington 1997). Some bumblebee flowers may pro¬ 
mote this behavior by having flower forms that keep 
the bee “upright” as it visits; for example, willowherb 
(Chamerion angustifolium ) has drooping stamens and 
style that the bee clings onto and which it can really 
only feed from when in an upward-facing position 
(Benham 1969). Curiously, though, bumblebees pre¬ 
ferred to forage on horizontal arrays of flowers rather 
than vertical arrays given the choice experimentally 
(Makino 2008), and foraging performance decreased 
with increasingly vertical arrays as travel time between 
flowers (whether upward or downward) increased. 

Bumblebees also readily learn particular flight 
paths within a group of flowers (Thomson 1996), al¬ 
lowing them to use trap-lining foraging, and marked 
bumblebees have been shown to visit the same sites 
each day in specific sequences for up to a month 
(Heinrich 1976a). They use orientation flights (flying 
around in gradually increasing circles) to note the po¬ 
sitions of flowers (as with nests). Such flights are per¬ 
formed less frequently with conspicuous plants such 
as foxglove and more with inconspicuous ones like 
houndstongue (Manning 1956b); the bees appear to 
estimate how much orientation is needed. 

Once at a flower patch and feeding, bumblebees ap¬ 
pear to have simple rules about whether to stay or to 
move on. On a poorly resourced area, they make lon¬ 
ger interflower flights and have low turning angles, so 
tending automatically to leave the patch. On a good 
area, where most flowers are rewarding, they make 
shorter flights and turn a great deal more often, so 
tending to remain in the patch. For example, on Trifo¬ 
lium (white clover), Heinrich (1979b) found workers 
normally moving more than 75 mm on 67% of their 
flights, but this fell to 30% of flights when the nectar 




Type of movement 

Figure 18.20 Bumblebee tendencies to move upward on spikes, 
showing (A) frequencies of first and last visits at different positions on 
Corydalis ambigua (redrawn from Kudo et al. 2001), with movements 
between spike positions in parentheses, and (B) proportions of arriv¬ 
als and departures for each third of the vertical spike of Pontederia 
cordata, with SEs and different letters for significantly different pro¬ 
portions (redrawn from Orth and Waddington 1997). 

was depleted, with 82% of those flights then being in 
the forward direction. 

Bombus are also very good at avoiding flowers al¬ 
ready visited by others, indicative of their ability to 
deposit and to detect “footprints” (chapter 6). In the 
same study by Heinrich, they veered away from up to 
31 % of approached flower heads after that patch had 
been heavily visited but from none in a patch that had 
had no Bombus visits for two days. 
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The arrival back at the nest of a Bombus well loaded 
with provisions increases the likelihood that another 
individual will leave on a foraging trip. This is perhaps 
due to sound communication by buzzing, but with ad¬ 
ditional effects from irregular runs within the nest by 
the incomer that seem to spread a chemical signal 
(Dornhaus and Chittka 2001), probably a specific 
pheromone from tergal glands (Dornhaus et al. 2003). 
However, bumblebees do not communicate any geo¬ 
graphic details of food location. At best, they rely upon 
the odor of the provisions that they bring in, or odors 
temporarily carried on their bodies, which together 
with the general increase in activity prompted by their 
arrival can direct new recruits to the source the incom¬ 
ing forager has been exploiting. Thus bumblebees fed 
in the nest with artificial nectar laced with mint, carna¬ 
tion, or aniseed scents will thereafter forage preferen¬ 
tially from nectar sources with the right odor (Dorn¬ 
haus and Chittka 1999). 

Social facilitation is important for bumblebees, and 
they are attracted to inflorescences or flower patches 
where conspecifics are already foraging. Leadbetter 
and Chittka (2007, 2008) showed that they learned a 
foraging task (nectar robbing) more quickly in the 
company of holes in corollas and experienced conspe¬ 
cifics (i.e., social learning). There are even more spe¬ 
cific indications of copied behavior (Worden and Papaj 
2005), where naive bumblebees that had been allowed 
to observe trained (non-nestmate) bees selecting either 
orange or green flowers would subsequently prefer the 
same flower color themselves. 

To give an overview of bumblebees, their constancy 
compares favorably with honeybees, and they often 
visit faster and more efficiently in terms of pollen 
pick-up and deposition, as well as being active earlier 
and later in the day and in poorer weather. Bombus 
may also learn flower-handling skills more quickly 
and distinguish flower age and reward status better. 
For all these reasons, they often provide better pollina¬ 
tion services on crops than do honeybees (see chapter 
28), and the presence of several species in any one 
habitat adds to their versatility overall. The relative 
abundance of different bumblebees is often related to 
competition between species of varying tongue lengths 
(see chapter 22), although in parts of Europe up to 16 
species may co-occur (Goulson et al. 2008), the rarer 
bees tending to visit fewer flower species. 

On the other hand, a typical bumblebee is “expen¬ 


sive,” requiring about 10 mg lr 1 of sugar to fly (Hein¬ 
rich 1975a), representing 1610 joules (J) g _1 body 
mass h _1 . So a typical worker of 500 mg body mass 
would need 805 J to support an hour of activity at a 
power consumption of 225 mJ s _1 (mwatts, mW), a 
good match with measured values of 175-200 mW 
(Ellington et al. 1990). This generates some problems 
of “living on the edge”; Heinrich calculated that one 
colony of B. vosnesenskii needed 1.9 oz (around 50 g) 
of honey and 1.2 oz (35 g) of pollen every day. In prac¬ 
tice, most nests when opened up normally have very 
little reserve, unlike an Apis hive. Honeybees are much 
more competitive, and one strong honeybee hive col¬ 
lects over 500 lbs (-220 kg) of honey, which would 
take away the resources of around 100 bumblebee 
colonies. 


Type 5: Sting less Bees 

The stingless bees constitute a single tribe (Meliponi- 
ni) of morphologically rather similar and easily identi¬ 
fied bees (see plates 29E,F and 33E,F), with reduced 
wing venation and without the ovipositor modified as 
a sting as seen in all other aculeate hymenopterans. 
Common genera are Trigona, Melipona, and Plebeia, 
and they occur in the New World, Africa, southern 
Asia, and Australasia. They are common and impor¬ 
tant only in tropical and subtropical ecosystems, where 
their biomass can be really high, making up a large 
proportion of the pollinator community and sometimes 
up to a quarter of all bees (see chapter 27). 

They are predominantly small, indeed sometimes 
tiny (2-13 mm long), although some Melipona are 
closer to medium sized by bee standards. All are fully 
eusocial, with perennial colonies and moderately so¬ 
phisticated communication systems. Melipona species 
are relatively nonaggressive, whereas Trigona and re¬ 
lated genera are usually highly aggressive to other 
bees. Most stingless bees have short to medium tongue 
lengths and so require quite small volumes of low- to 
medium-concentrated nectar, from small or short- 
tubed flowers. Nectar concentration can be critical to 
visiting patterns; for example, Melipona bees visited 
Hybanthus flowers only while nectar was below 60% 
sugar concentration (Roubik and Buchmann 1984), 
which can tend to produce diurnal bimodality with no 
visitation in warmer midday hours. However, the 
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smaller species may commonly also act as nectar and 
pollen thieves on much larger flowers. Stingless bees 
on a pollen-gathering trip carry concentrated nectar in 
their crops when they leave the nest and probably use 
at least some of this to aid pollen adhesion to their 
corbiculae (Leonhardt et al. 2007). 

Using individually marked Melipona bees, Bies- 
meijer and Toth (1998) found that about half the indi¬ 
viduals from one nest specialized as pollen or nectar or 
resin collectors for their entire adult life; but other in¬ 
dividuals switched daily, gathering pollen and/or resin 
in the morning and nectar in the afternoons. This dif¬ 
ference also affected longevity, with pollen foragers 
only active for 1-3 h in the morning and surviving for 
12 days on average, but nectar foragers sometimes ac¬ 
tive all day and lasting for only 3 days. 

Recruitment occurs in some stingless bees and ap¬ 
pears to be partly olfactory as individuals can be re¬ 
cruited to artificial syrups only if the syrup has a scent 
added. However, simple forms of alerting behavior on 
return to the nest, using zigzag runs that produce a 
general jostling effect, also occur (reviewed by Mi- 
chener 1974). Some returning Melipona show even 
greater sophistication, making sounds (by wing vibra¬ 
tion) whose duration is proportional to the distance 
from the food source. Aguilar and Briceno (2002) 
showed that the pulse pattern of the sound also varied 
with concentration of the located food, and informa¬ 
tion about the height above ground of the resource 
could also be conveyed (Nieh et al. 2003). However, 
floral odor on the body of returning foragers continues 
to play a role for most of these species. Individual ex¬ 
perienced bees may also lead new foragers for a short 
distance in the right direction from the nest toward a 
good forage site; some species, especially when oper¬ 
ating in the still air of tropical forests, can use phero¬ 
mone trails outside the nest to guide new foragers, and 
the scent marks can be polarized with heavier scents 
nearer the goal and sometimes an additional unique 
mark at the feeding site (Schmidt et al. 2003). In addi¬ 
tion, local enhancement at feeding sites has been re¬ 
corded, where individuals prefer to feed close to a 
nestmate (e.g., Slaa et al. 2003). Some Trigona bees 
have been shown to have an intrinsic time sense, and 
so can show time-place learning with anticipatory vis¬ 
its to a known pollen or nectar source or to a daily food 
training site (Breed et al. 2002). 

Stingless bees have been relatively unexplored as 
an ecosystem service in the past, but it is now known 


that at least 18 crops have stingless bees as major pol¬ 
linators (Slaa et al. 2006). 

Type 6: Honeybees 

Honeybees (or hive bees) are all in the genus Apis 
(plates 1E,F and 30F). There are several species, na¬ 
tive to Eurasia, but now introduced everywhere. Com¬ 
monly only one species occurs in a given area, but 
where two do coexist (naturally, or after introduction) 
they are normally sufficiently different in size not to be 
direct competitors; for example, in Sudan Apis mellif- 
era collects pollen in the early morning and late after¬ 
noon while the introduced Apis florea (the dwarf hon¬ 
eybee) forages undisturbed for pollen in the middle of 
the day, giving little overlap on the flowers (El Shafie 
et al. 2002). 

Honeybees are in many respects average bees, aver¬ 
age in size (A. mellifera around 90 mg, others a bit 
smaller or larger), in tongue length, and in endother¬ 
mic abilities. Their thermoregulation is also only mod¬ 
erately sophisticated (Coelho 1991; Underwood 1991), 
lacking some of the elaboration of bumblebees. Above 
all, though, they are supremely eusocial, with large 
colonies in perennial nests that act as climatic refugia. 
Their unusual ability to gather water and use it to cool 
the hive evaporatively (e.g., Kuhnholz and Seeley 
1997), and the habit of wing-fanning by the worker 
bees, which together can keep hive conditions rela¬ 
tively cool and comfortable even at air temperatures 
up to 39—40 °C, represent additions to the normal bee 
behavioral repertoire that impact on overall activity 
patterns for individual forager bees (see Heinrich 
1993). Apis also have excellent communication sys¬ 
tems that allow the foraging efforts of the workers to 
be very highly organized. As a result, trip lengths and 
durations can be exceptional, and a single hive might 
have a foraging area of 60 square miles. In conse¬ 
quence, one hive of Apis mellifera may take in around 
25-40 kg of pollen per year and build up a resource 
many times this value over a few years. 

In effect, honeybees will go to almost any flowers 
in most of the habitats where they occur and are often 
therefore termed “supergeneralists.” Insofar as typical 
or preferred flowers exist for honeybees, they are not 
unlike those for short-tongued bumblebees. However, 
honeybees probably have less intrinsic preference for 
zygomorphic designs, and will often select a more 
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open and radial flower, including the white/yellow/or¬ 
ange colors that are less often visited by other bees. It 
follows from this that honeybees as a species are col¬ 
lectively the most generalist and most polylectic of 
any pollinators; they are so unfussy that they some¬ 
times collect other fine particulate matter such as coal 
dust, sawdust, and mold spores. Quite commonly they 
even visit classically anemophilous flowers, which 
may sometimes make up to 30% of their intake in sa¬ 
vanna and desert sites. 

However, as individuals on any one trip or any one 
day, honeybees can be at least as constant as Bombus 
in their behavior, with many successive visits to a sin¬ 
gle floral species where that species is dominant (and 
hence often on crops). There is a strong tendency for 
an individual worker to stick with one plant species 
even with better ones available nearby (von Frisch 
1954; Free 1963). Ribbands (1949) recorded marked 
individuals sticking with the same plant for 12 succes¬ 
sive days for a pollen crop and for 21 successive days 
for a nectar crop. Overall, though, they tend to be more 
constant when pollen gathering then when on nectar 
duty, at least in part because it is more difficult to pack¬ 
age pollen from more than one source into the scopa. 
As a result, there can be a very high concentration of 
honeybees working a small area for pollen, which is 
potentially bad for the plants in terms of outcrossing. 

Worker honeybees do tend to have temporary con¬ 
stancy to either pollen or nectar (Free 1970), although 
they often have a full load of one and an additional 
small load of the other. There is no clear developmen¬ 
tal precedence of one activity over another as the bee 
ages (indeed, some bees gather pollen all their work¬ 
ing lives and others gather only nectar), but switching 
between the two is common and switches from pollen 
to nectar are commoner than the reverse. Some honey¬ 
bees persist as scout bees though, sampling all avail¬ 
able flowers in the vicinity and relaying information 
back to the hive; these scouts obviously never become 
flower constant. They tend to be more abundant early 
and late in the season, when fewer flower types are 
available. 

Experienced honeybees appear able to learn char¬ 
acteristics of nectar flow rate in a flower, achieving this 
within one foraging bout (Wainselboim et al. 2002), 
and thus improving foraging efficiency. Furthermore, 
where petal tissue is reasonably transparent, the level 
of nectar within a corolla tube may be assessed visu¬ 
ally as a bee approaches (Goulson et al. 2001), al¬ 


though such discrimination will not always be useful: 
where handling time is low and/or flowers are scarce, 
it may make economic sense for a bee to visit even the 
relatively depleted flowers that it encounters. 

Apis mellifera workers make orientation flights 
when they first mature into foragers and learning 
flights when they first encounter new food sources; in 
both cases they are memorizing visual landmarks to 
guide their return. The orientation flights have a fixed 
duration but there is increased flight speed with in¬ 
creasing experience, so that later trips cover larger ar¬ 
eas (Capaldi et al. 2000). In contrast, the learning 
flights increase in duration with landscape complexity 
but decline in duration as familiarity with the environ¬ 
ment increases, and they also depend on the sugar con¬ 
centration of the food source; all these features suggest 
that learning effort is adjustable (Wei et al. 2002). Both 
kinds of landmark memorizing can clearly affect sub¬ 
sequent activity patterns, potentially reducing trip du¬ 
rations and improving overall foraging efficiency. 
Honeybees can also store landmark information to lo¬ 
cate sites they have previously visited, acquiring a se¬ 
ries of stored visual images ( general landscape mem¬ 
ory; Menzel 2001). They navigate using directional 
(sun- and compass-related) cues, which feed into the 
landscape memory. Trip durations can be reduced—or 
at least the ratio of travel time to feeding time can be 
optimized—by such learning. Experiments with trained 
bees indicate an intrinsic time sense in Apis, where in¬ 
formation is learned differently according to time of 
day (Gould 1987); thus a honeybee will return to the 
same patch of flowers at roughly the same time over 
several days. 

As regards communication and recruitment within 
the hive, honeybees are of course well known for their 
“dancing” (fig. 18.21), but simple odor cues still play 
a role in information transfer, since a change in the 
stored food in a hive can redirect subsequent foragers 
(Free 1969). Honeybees may also augment the scent 
and hence attractiveness of floral sources once located, 
with secretions from their abdominal Nasonov glands 
(a habit more common in the subtropical Apis cerana 
and A. florea than in the familiar temperate A. mellif¬ 
era). These simpler and probably ancestral recruitment 
behaviors are usually overlain or even overridden by 
the much more precise individual-to-individual com¬ 
munication, by both chemical and mechanical signals, 
that are contained in the returning honeybee’s dances 
on the vertical walls within the nest. These dances 


416 • Chapter 18 



B 



Sucrose concentration (%) 


Figure 18.21 Honeybee waggle dance: (A) on a 
horizontal surface where the central waggle 
points to the food, and as translated onto the 
vertical comb (modified from von Frisch 1967, 
Barth 1985); (B) relation between dance rate and 
concentration of the sucrose source it refers to 
(redrawn from Waddington and Kirchner 1992). 


(the round dance, the tremble dance, and the tail-wag¬ 
ging or waggle dance) can variously convey a great 
deal of information, ranging from vector parameters 
(i.e., range and direction to flowers), the identity of 
the flowers, and the nectar uniformity, concentration, 
and/or viscosity. Dance features also vary in complex¬ 
ity in relation to time of day and to environmental vari¬ 
ables (von Frisch 1967; Steffan-Dewenter and Kuhn 
2003; Thom 2003). Their effect can be modified by 


acoustic signals (piping) that may retard recruitment 
to low-quality food sources (Thom et al. 2003), and 
augmented by alkane and alkene scents emitted from 
the bee as she dances (Thom et al. 2007). In fact, odor 
signals borne on an incoming bee often override spa¬ 
tial information in the dance, and experienced foragers 
will commonly depart for a known source of that odor 
rather than seek out the new site encoded in the dance 
(Griiter et al. 2008). 
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Individual honeybee foraging decisions are not 
fixed responses to the recruitment signals, however. 
They vary with wing wear (Higginson and Barnard 
2004), which is a reasonably good indicator of age and 
foraging experience; and also with individual assess¬ 
ments of predation risks on the flowers (see chapter 
24). When a hive was rendered artificially low on pol¬ 
len amount or pollen protein quality, for example, an 
increased proportion of the workers switched to pollen 
foraging, and the less experienced workers tended to 
collect heavier pollen loads on each trip (Pernal and 
Currie 2001), although none of the workers produced 
a quality response by changing their flower selection 
to gather more protein-rich pollens. 

A honeybee requires about 10 mg Ir 1 of sugar to fly 
(Heinrich 1975a), representing 1610 J g~ body mass 
h _1 , so that a typical worker bee of -90-100 mg would 
need 160 J per hour of foraging. Power consumption is 
then 45 mJ s _l (mW), about five times lower than in a 
big bumblebee. Many bee flowers have much less than 
1 mg of sugar (chapter 8), so if we took a honeybee 
stomach filling as 50 mg of nectar, one complete trip 
could involve 100 to 1000 flowers of some typical 
Apis -visited plants; and it could require as much as 20 
million flower visits to gather 1 kg of honey into the 
hive. A bee colony of 20,000 individuals will require 
about 15 kg of honey to survive through a typical tem¬ 
perate winter, but of course most hives produce more 
than this (the excess usually taken by humans). For 
reasons of diligence above all, but also range, constan¬ 
cy, and flower choices, honeybees are good (although 
not necessarily ideal) pollinators for a very wide range 
of flower types and for many introduced flowers and 
crops. However, they may outcompete and supplant 
native bee species which would if left undisturbed 
have provided a better service (see chapter 29); and 


their tendency to rob flowers also means that their spe¬ 
cialization as flower visitors sometimes outruns what 
is ideal for the pollination of a given plant. 

6. Overview 

Bees are the dominant pollinators in many habitats 
across the world. In most temperate areas (except larg¬ 
er and denser woodlands) they predominate, and bum¬ 
blebees are often the most important single native 
group, with social bees collectively dominating the 
pollination services. In Europe and much of Asia this 
pattern holds; the only exceptions are the northern bo¬ 
real regions where flies predominate (although Bom- 
bus still occurs in all the boreal and arctic communi¬ 
ties of the northern continents), and the Mediterranean 
fringes where solitary bees are more important and be¬ 
come extremely diverse, with flies and butterflies also 
more influential. In most of North America bees are 
again dominant, although a range of hummingbird- 
pollinated plants occur in open habitats. In tropical 
forests wind pollination and selfing are rare, so that 
animal pollination is critical; bats and birds come into 
play more obviously, but medium- to large-sized bees 
are often still the most numerous pollinators in the 
canopy and show some highly specialist relationships 
with flowers, especially with orchids. In open tropical 
habitats such as the savanna areas, wind pollination in¬ 
creases for the understory and grass layer, but bees are 
still important for the trees and herbs; and in arid zones 
and deserts bees are once again extremely important. 
Furthermore, in all these areas, even when they seem 
to be minority visitors in terms just of numbers, with 
more flies or butterflies present, the bees may still be 
the most important in terms of effective pollination. 


Chapter 19 

WIND AND WATER: ABIOTIC POLLINATION 


Outline 

1. Anemophily 

2. Hydrophily 

3. Overview 


Abiotic pollination involves the transmission and cap¬ 
ture of pollen through a fluid medium, either air or wa¬ 
ter, and it occurs in at least 60 angiosperm families. 
Although it was once thought to be a somewhat ran¬ 
dom process, it is now clear that abiotic pollination is 
quite sophisticated, with significant adaptations in 
both the pollen releasing and pollen capturing process¬ 
es that improve pollination efficiency (Cox 1991; Ack¬ 
erman 2000). Phylogenetically controlled analyses 
show that, contrary to some earlier views, abiotic pol¬ 
lination gives rise to similar levels of species richness 
to those found in biotically pollinated sister groups, 
and that flowering periods are also of similar length 
(Bolmgren et al. 2003). 

It is traditional to divide abiotic pollination into 
wind-mediated and water-mediated processes (ane¬ 
mophily and hydrophily, respectively), the two modes 
having some similarities; but, as will become clear, 
each of these categories contains substantial diversity 
and hydrophily in particular needs to be further split 
for clarity. Each mode has evolved repeatedly across 
the angiosperm taxa (Cox 1991), although anemoph¬ 
ily is much commoner (about 98% of all abiotic 
pollination). 

One point that should be stressed at the outset is 
that abiotic pollination gives no easy system for con¬ 
trol over selfing, except by monoecy; and even then 
pollen is likely to be moving to very close neighbors 


that may be genetically very similar or clonal. Hence a 
high proportion of abiotically pollinated plants may 
have to use self-incompatibility systems. 

1. Anemophily 

Occurrence 

Wind pollination is extensively used in modern plants, 
notably in most gymnosperms, in the catkin-bearing 
angiosperm trees, and in cereals (Poaceae and Cyper- 
aceae). A few examples are shown in plate 36. It is 
predominantly a derived condition in angiosperms, as¬ 
sociated with ecological conditions where zoophily is 
difficult; table 4.1 gave a simple overview of plant 
traits and environmental conditions associated with 
anemophily. Transition from zoophily to anemophily 
has occurred at least 65 times in such circumstances. 
Culley et al. (2002) reviewed the occurrence of ane¬ 
mophily, and Friedman and Barrett (2008) gave an 
analysis with added phylogenetic corrections, showing 
that it has evolved more often in taxa already having 
unisexual flowers or plants, with a loss of nectar and a 
reduction in ovule number occurring repeatedly. 

Anemophily is an efficient and straightforward way 
of moving pollen between plants in open habitats where 
there are large stands of a particular species present— 
as in boreal forests dominated by just a few conifer 
species, or in prairie grasslands (although in both these 
situations some insect pollination may also occur). It is 
also effective when there are relatively few plant spe¬ 
cies, as in temperate woodlands where there may be a 
predominance of oak, ash, maple, beech, etc. It also 
dominates, perhaps somewhat surprisingly, in the tem¬ 
perate rainforests occurring in parts of Chile, the north¬ 
western United States, and New Zealand, despite the 
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Figure 19.1 Percentage of wind-pollinated tree species 
with latitude in North America. (Modified from Regal 
1982.) 


high rainfall (see below). In fact globally the propor¬ 
tion of wind-pollinated plants increases steadily with 
latitude (fig. 19.1), reaching at least 80% in all north¬ 
ern forests (Regal 1982). Anemophily allows excellent 
long-range dispersal, unconstrained by the limited 
ranges of animal movements. Wherever plants of one 
species are reasonably gregarious, wind pollination 
may be not only sufficient but very possibly the most 
effective form of pollination, since cross-pollination 
of so many plants would require a larger insect popula¬ 
tion than a rather cool habitat could support through 
the main flowering season (Regal 1982; Whitehead 
1983). Wind pollination may also be the only option in 
other situations where insects are relatively rare, such 
as salt-marshes and seashores, and some semiarid hab¬ 
itats where salty or alkaline soils dominate. Many 
emergent water plants are also anemophilous, since 
ponds and rivers (while plentifully endowed with in¬ 
sects) are not regular haunts of the main pollinating 
insect taxa; for example, Cook (1988) found that of 
380 aquatic genera 119 contained anemophilous 
species. 

But in more complex communities wind pollina¬ 
tion becomes very wasteful. For one pollen grain to 
reach a stigma of perhaps 1 mm 2 surface area, the hab¬ 
itat might require up to one million pollen grains to 
land per square meter (Proctor et al. 1996). This is not 
an impossible target, given that single catkins of birch 
or hazel trees each produce about 3-5 million pollen 
grains, and single stalks of various grass cereals may 
produce 40,000-70,000 grains (only rarely do animal- 
pollinated plants begin to approach these pollen out¬ 
puts, and then only in species such as poppies where 
pollen is their only reward). But the vast majority of 
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anemophilous pollen grains will never reach a stigma 
of any sort, let alone a conspecific stigma. In the rela¬ 
tively simple forest habitats dominated by wind polli¬ 
nation, the pollen falling to the ground may amount to 
several tons per square kilometer every year. As table 
4.2 showed, wind pollination therefore normally needs 
far more pollen grains to be produced per flower (or 
per ovule, per stigma, per plant) to succeed at all. 

Habitat complexity is not the only issue determin¬ 
ing pollination mode. In habitats with high rainfall, 
especially the cool temperate or tropical wet forests, 
much of the wind-blown pollen dispensed from flow¬ 
ers just gets washed out of the air. Wind speeds that are 
consistently too high, or much too low, are also a bar 
to success. 

For all these reasons, anemophily is almost impos¬ 
sible in tropical rain forests; they are not only too di¬ 
verse, but also too wet and too still, with little or no 
wind-produced air movement below the canopy. Esti¬ 
mates in tropical lowland forests are that only l%-4% 
of all plant species are wind pollinated (Bawa 1990, 
1994; and see Regal 1992), although higher rates occur 
in a few plant groups (e.g., Otegui and Cocucci 1999; 
Midgely and Bond 1991). Bullock (1994) also reported 
higher rates in Neotropical dioecious trees, where bee 
visitors occur but may be relatively ineffective. 

A comprehensive listing of the taxonomic occur¬ 
rence of anemophily was given by Ackerman (2000), 
indicating some examples in 60 families (16%—18% of 
all angiosperm families) spread across monocots and 
dicots. Most families have just a few examples; ane¬ 
mophily only tends to dominate in just a few taxa, such 
as the grasses (Poaceae), rushes (Juncaceae), and 
sedges (Cyperaceae); the major cool and temperate 




420 • Chapter 19 


tree taxa (e.g., Betulaceae, Corylaceae, Fagaceae, 
Salicaceae); and some families with very weedy spe¬ 
cies such as nettles, docks, plantains, and goosefoots 
(Urticaceae, Polygonaceae, Plantaginaceae, Chenopo- 
diaceae). It also occurs conspicuously in some com¬ 
posite weeds such as mugwort ( Artemisia ) in Europe 
or ragweed ( Ambrosia ) in North America. Hence in 
temperate sites the pollen count as sampled from the 
air is dominated by trees in spring (hazel, alder, wil¬ 
low, birch, yew), by grasses and trees in early summer 
(oak, beech, maple, pine), and then by plantains, sor¬ 
rels, docks, nettles, and lime trees in later summer. 

Anemophily can be quite common in a few taxa tra¬ 
ditionally seen as entomophilous (Mahy et al. 1998) 
and may be regarded as an escape from the constraints 
of dependency on animals in certain conditions (Cox 
1991). Numerous authors have described anemophily 
working effectively alongside insect pollination within 
a genus or species, the balance between the two being 
affected by environmental factors. Mahy et al. (1998) 
demonstrated sporadic anemophily in Calluna heath¬ 
ers; Berry and Calvo (1989) showed that its occurrence 
increased with altitude in the composite Espeletia, the 
same phenomenon occurring in the crucifer Hor- 
mathophylla (Gomez and Zamora 1996); Dafni and 
Dukas (1986) reported it in Urginea (a relative of hya¬ 
cinths) in dry and sandy conditions; and it can occur as 
a backup mechanism (reproductive assurance) in com¬ 
mon garden annuals such as Linanthus (Goodwillie 
1999). While these mixed pollination systems are of¬ 
ten seen as a switch to anemophily in a basically ento¬ 
mophilous taxon, remember that there can sometimes 
be considerable collection of wind pollen by insects, 
notably by certain bees using various grasses (see 
chapters 18 and 27). Where the two modes of pollina¬ 
tion can occur simultaneously in one species, the term 
“ambophily” is sometimes used. Included in this would 
be some occasions when insect visitation triggers pol¬ 
len release and some of that pollen is then transported 
effectively by wind (e.g., in the palm Chamaedorea; 
Listabarth 1992). 

Wind-Pollinated Angiosperm Flowers 

These share some features in common, as follows: 

1. The flowers are commonly unisexual, as it would 
be nearly impossible to avoid a stigma becoming en¬ 
tirely covered with its own anthers’ easily dislodged 


pollen, especially given the high output of pollen that 
is required. Sexual dimorphism can be unusually pro¬ 
nounced, since there are no constraints to site anthers 
and stigmas in similar positions (Weller et al. 2008). 
Where hermaphrodite flowers do occur, they are 
strongly dichogamous, with pollen produced at a time 
when the stigma is unreceptive. 

2. Flowers are commonly grouped in inflorescenc¬ 
es, and the inflorescences tend to be more condensed 
than in zoophilous relatives (e.g., Weller et al. 2006). 

3. The perianth is always reduced or absent, having 
no attractive or protective functions. 

4. Stigmas are distinctly larger than in most zoo¬ 
philous plants, with finely divided, often plumose or 
papillate tips; and anthers are also large and exposed, 
often pendant on long stamen filaments. 

5. The anthers tend to produce very numerous and 
fairly small pollen grains (20-40 pm, although a little 
larger in conifers) (Harder 1998). 

6. Pollen grains are dry rather than sticky, due to 
differences in the pollenkitt (being thin or entirely 
lacking), which helps to reduce clumping. 

7. Grains have relatively unsculptured surfaces 
(Crane 1986; Linder 1998) and a reduction in number 
or size of apertures, which probably helps to reduce 
water loss. 

8. Grains often contain 1-3 air-filled bladders 
(sacci), especially in conifers. 

9. Flowers normally have rather few ovules, very 
often just one, so producing just a single seed; hence 
they also have very high pollen/ovule (P/O) ratios. 

10. Plants have a distinct flowering season, most 
often in early spring for angiosperm trees, when the 
foliage is still very sparse and does not obstruct mass 
air flow and pollen movement; and flowering onset is 
statistically earlier than for biotically pollinated plants 
(Bolmgren et al. 2003). 

Examples can be usefully divided into four groups. 
Catkins 

Catkins (fig. 19.2) are typical of many wind-pollinated 
angiosperm trees, especially in the families containing 
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Figure 19.2 Catkin structures from wind-pollinated trees: (A) groups 
of male and female flowers from catkins of silver birch, Betula pendu- 
la; (B) single flowers of sallow ( Sa/ix ), and views of the male and 
female catkin structures. (Redrawn from Proctor et al. 1996.) 


birch (Betulaceae), hazel (Corylaceae), oak and beech 
(Fagaceae), and willow (Salicaceae). In birch and ha¬ 
zel the larger and more obvious catkins are male, 
formed from multiple tiny male flowers that comprise 
little more than a bract scale, a few bracteoles, a tiny 
perianth, and one or two pairs of long divided stamens. 




B 



Figure 19.3 Flowers of other anemophilous trees: (A 

C 

Redrawn from Proctor et al. 1996.) 


The female catkins again comprise large scales pro¬ 
tecting one or two flowers, each of which is merely an 
ovary and a style. In wind-pollinated oaks, the flowers 
are somewhat less reduced, having a recognizable pe¬ 
rianth and rather more stamens. In the Salicaceae, pop¬ 
lars are almost entirely wind pollinated and have long 
catkins with numerous stamens per flower, whereas 
willows and sallows still have catkins but are substan¬ 
tially insect pollinated, much favored by flies and small 
bees in early spring. The flowers are very simple, 
but do have nectaries, with male and female flowers 
borne on separate trees; anemophily still occurs regu¬ 
larly in some habitats and some seasons (Vroege and 
Stelleman 1990). 

Other Wind-Pollinated Trees 

The remaining important anemophilous tree taxa are 
the elms, ashes, and maples, usually with hermaphro¬ 
dite and protandrous flowers (fig. 19.3). In elms (Ul- 
mus ) these are usually reddish in color, with a small 
upright cup-shaped four- or five-lobed corolla, four or 
five stamens protruding with rather large flat anthers at 
their tips, and two short papillate styles; the structure 
is evidently appropriate to wind pollination. In con¬ 
trast, in the common ash ( Fraxinus ), the flowers (which 
are dark green and inconspicuous, with no corolla) 
have erect obvious stigmas and small round anthers at 
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Figure 19.4 General structure of a grass spikelet (A 
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palea 



the base of the flower, appearing imperfectly suited to 
wind pollination. Since close relatives of ash are all 
entomophilous (e.g., lilac, jasmine, privet), it is likely 
that ash has rather recently switched to anemophily; 
indeed, some species of Fraxinus do have white fra¬ 
grant corollas and are insect pollinated. An almost re¬ 
verse situation is found in the maples (Acer), most of 
which are insect pollinated but where the common A. 
saccharinum is wind pollinated with small inconspic¬ 
uous pinkish or green/yellow flowers. 

Grasses and Sedges 

The vast majority of these are anemophilous, the only 
exceptions being a few aberrant self-pollinating spe¬ 
cies. Grass flowers are small, greenish, and odd (see 
Friedman and Harder 2004); they are arranged as 
groups in spikelets, each enclosed by a pair of leaflike 
glumes (fig. 19.4; plate 36A). Each flower is also pro¬ 
tected by a pair of small bract-like structures (the upper 
palea and lower lemma), within which is an ovary with 
two plumose stigmas and three long slender stamens 
with large pendant anthers. At the base there is a pair of 
scales that swell and force the flower to open and the 
anthers to dangle out in the breeze as the anthers ma¬ 
ture. In some grass species, these typical hermaphro¬ 
dite flowers are augmented by some separate male- 
only flowers, increasing the overall pollen output. 

Herbaceous Plants 

Perhaps the commonest wind-pollinated plants outside 
the trees and grasses are a group of unrelated “weeds,” 
shown in figure 19.5. The most familiar are the sting¬ 
ing nettles ( Urtica ), with rather catkin-like greenish 
unisexual flowers, usually on separate plants. Female 
flowers are tiny and ovoid, with short tufted stigmas; 


the male plants have more conspicuous flowers, due to 
the elongate pale anthers emerging from a four-lobed 
perianth. Unusually for a wind-pollinated plant, the 
stamens are under tension in the bud and emerge ex¬ 
plosively to produce a substantial rain of pollen. 

Plantains ( Plantago ) have spikes of protogynous 
flowers with small corollas; long stigmas emerge first, 
followed by even longer dangling stamens, and since 
the flowers mature at the tip of the inflorescence first, 
an inflorescence typically has female flowers at the top 
and male flowers with the conspicuous anthers further 
down. Some insects do visit plantains to gather pollen, 
and a few species have slight pleasant scents that may 
contribute to attracting insects. 

In the dock family (Polygonaceae), many bistorts 
and knotweeds are mainly entomophilous with pink or 
red flowers that attract insects; but the true docks 
(Rumex) have large greenish inflorescences that are 
protandrous, with the typical wind-pollinated features 
of reduced perianth, large anthers, and large tufted stig¬ 
mas. In goosefoots and beets (Chenopodiaceae), al¬ 
most the entire family is either wind pollinated or self- 
ing, and usually there is no corolla, with short stamens 
and stigma emerging directly from a five-lobed calyx. 

Occasional examples of wind pollination can be 
found in other herbaceous families: the ragweed and 
mugworts in Asteraceae, the meadow rues (Thalic- 
trum) in Ranunculaceae, and dog’s mercury ( Mercu- 
rialis) in Euphorbiaceae are well-known cases, all ex¬ 
hibiting the requisite enlarged protruding anthers and 
high-surface-area stigmas, giving a generally fluffier 
appearance than their zoophilous relatives. 

It should not be forgotten that even many classic 
insect-pollinated herbs also experience a small degree 
of wind dispersal of their pollen, which may be useful 
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related plants that are exclusively animal pollinated. 




Figure 19.5 Flowers of some common anemophilous weeds; (A) net¬ 
tle, Urtica dioica ; (B) plantain, Plantogo lanceolata, early female and 
later male stages; (C) dock, Rumex obtusifolius, male and later female 
stages. (Redrawn from Proctor et al. 1996.) 

to them in poor weather when insects are scarce. Spe¬ 
cies with relatively open or bowl-shaped flowers, such 
as heathers ( Calluna ), lime trees ( Tilia ), and some ro¬ 
saceous plants ( Helicinthemum, Cistus ), as well as some 
willows, chestnuts, and maples already mentioned, 
may particularly benefit from some degree of wind 


Wind-Pollinated Conifer Flowers 

Traditionally known as cones, or more technically as 
strobili, these are rather different from angiosperm 
flowers and are always unisexual. Male cones mature 
earlier, each being made up from numerous stamens 
formed from a scalelike structure on the underside of 
which are two pollen sacs (fig. 19.6). Individual pollen 
grains bear 1-3 air-filled bladders or sacs ( sacci ) that 
probably reduce the rate of fall of the grains once re¬ 
leased (Schwendemann et al. 2007), so increasing dis¬ 
persal distance. They also have a crucial role in aiding 
flotation (Tomlinson 1994; Runions et al. 1999), in¬ 
cluding flotation on the pollination drop (see below). 

Female cones mature slightly later, closer to the 
tips of the branches, and are somewhat larger, with 
thickened scales each bearing two ovules and with the 
scales set slightly apart from each other to give access 
to pollen via the micropyle; in some conifers (e.g., 
Larix , the larches) there are also colorful bract scales, 
making the female flowers relatively attractive. 

The commonest situation is that any pollen grain 
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Figure 19.7 (A) Schematic view of the pollen 
receipt options in conifer strobili, erect or pen¬ 
dant and with or without pollination droplets. 
(B) Illustrations of the first two options. (Modi¬ 
fied from Owens et al. 1998.) 


landing on a female cone near the micropylar opening 
into an ovule is drawn into that opening by a drop of 
sticky liquid, the pollination drop, a weak solution of 
sugars that helps to rehydrate the pollen and support 
its germination and that is then resorbed. However, de¬ 
tails do vary in different taxa (Owens et al. 1998); fig¬ 
ure 19.7 shows different possibilities for pollen receipt 
in conifer cones, depending on ovule orientation, pres¬ 
ence or absence of a pollination drop exuding from the 
micropyle, and whether the pollen is buoyant (with 
sacci) or nonbuoy ant so that it sinks. 

After pollination, the scales thicken and close to¬ 
gether, but fertilization often does not take place for 
weeks or months, even up to a year, and it may be a 
further year before the scales spread apart again into 
the typical dry cone structure, releasing the winged 
seeds. 

Critical Factors Affecting Pollen Movement 
in Anemophilous Plants 

The success of anemophilous pollen release and sub¬ 
sequent capture can be affected by a range of biotic 


and abiotic factors (e.g., Whitehead 1983; Okubo and 
Levin 1989), only some of which can be influenced by 
the plant itself. 

Architectural Factors 

1. The position of release on the plant. This is under 
the control of the plant, its growth and development 
leading to appropriate placement of flowers; usually at 
the periphery of the canopy for trees, or toward the 
apex for most grasses, with male flowers higher than 
female flowers. 

2. Spacing of conspecific and compatible flowers. 
This is partly under the control of the plant, although 
only in the sense of exercising some indirect control of 
interplant spacing via successful germination or sub¬ 
sequent competition. 

3. Other vegetation structures. Surrounding vegeta¬ 
tion has filtering effects on the pollen emission and 
thus how far grains will be dispersed; a plant has little 
control over this except through competitive effects. 
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Figure 19.8 Pollen grain trajectories around the flowers and leaves of 
wind-pollinated jojoba (Simmondsia chinensis ) showing the air turbu¬ 
lence that can lead to increased pollen contact with stigmas. 
(Redrawn from Niklas and Buchmann 1985.) 


4. The aerodynamics around the receptive surfaces. 
This is affected by the geometry of surrounding struc¬ 
tures and is not as random and inefficient as was once 
supposed. A flowing fluid (air or water) always has to 
divert around a solid object in its path, but the pattern 
of this divergence is complex. In practice, suspended 
particles within the flow tend to diverge less from a 
straight line due to their own momentum, so they are 
more likely to hit the obstructing surface, especially if 
the flow is roughly perpendicular to it. Increasing the 
local fluid turbulence helps to further increase the like¬ 
lihood of impact, and flowers have many ways of 
achieving this and so improving their chances of pol¬ 
len capture (fig. 19.8). Conifer cones are structurally 
complex, and Niklas (1984, 1985) interpreted this as 
being for good reason, their sculpted contours and of¬ 
ten spiky projections helping to create elaborate vorti¬ 
ces of moving air around them, slowing down pollen 
grains and keeping them in the vicinity of the cones for 
longer, with downstream eddies that recirculate the 
pollen back toward the receptive surfaces. However, 
more recent studies by Cresswell et al. (2007) could 
find no good evidence for such effects with Pinus and 
Cedrus cones. 

Airflow round angiosperm wind-pollinated flowers, 
both trees and grasses (Niklas 1987), could also be 
“managed” by the plant’s architecture. In the dioecious 
jojoba tree Simmondsia chinensis, from the arid south¬ 
ern United States, the small pendant female flowers lie 
at the tip of a branch underneath two unusually upright 


leaves, which were reported to create an almost lami¬ 
nar downward air flow directed at the flower, shower¬ 
ing pollen most effectively onto the stigma (Niklas and 
Buchmann 1985; fig. 19.8). Likewise in the genus 
Ephedra Niklas and Buchmann (1987) demonstrated 
strikingly different behaviors of pollen from two spe¬ 
cies, largely due to very different pollen size, so that 
conspecific pollen was more readily trapped (Buch¬ 
mann et al. 1989). 

5. The stigmatic collection efficiency. This will be 
determined both by stigma architecture, relating to the 
aerodynamic flow as in (4), and by stickiness. Thus 
some plants appear to be able to select pollen of their 
own species from the air. For various Pinus species, 
Niklas and Paw (1983) found better capture of conspe¬ 
cific pollen than of other pine pollens. Linder and 
Midgley (1996) showed that for four genera of anemo- 
philous plants the proportional capture of conspecific 
pollen was always above 40% and could be as high as 
80%, when contemporaneous random collections on 
sticky glass slides were much more diverse (although 
the pollen selection was not as great as Niklas’s mod¬ 
els would predict). There are also suggestions that pol¬ 
len capture at the stigma is augmented by electrostatic 
attraction (see chapter 7); pollen normally leaves the 
parent plant with a small negative charge, but carriage 
in the air could induce a moderately strong positive 
charge, and grains would then be attracted to the nega¬ 
tive charge focused around the stigmas of recipient 
plants (Erickson and Buchmann 1983). Recent preci¬ 
sion measurements of charges on anemophilous pollen 
grains indicated a good likelihood of electrostatic in¬ 
volvement in pollen capture at lower wind speeds 
(Bowker and Crenshaw 2007a,b). 

Timing Factors 

1. Seasonal timing. Most anemophilous flowers in 
seasonal habitats release their pollen early in the sea¬ 
son, before there is much foliage, or more rarely in late 
summer when leaf cover is decreasing. 

2. The daily timing of release from the plant. Again, 
this is substantially under the plant’s control, not only 
by the typical time of anther dehiscence but also be¬ 
cause many plants have mechanisms to prevent re¬ 
lease at the normal time if there is no air movement. In 
catkins, pollen from one flower rests on the bract of 
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the flower below until shifted by air currents, and in 
most grasses the pollen is held in the shallow cups of 
the anthers even after dehiscence until some move¬ 
ment shakes the anther. 

Atmospheric Factors 

These are beyond any control of the plant. 

1. Air velocity. An intermediate value is usually op¬ 
timal, avoiding pollen release into still or sluggish air 
or into very high winds. 

2. Air turbulence. Excess turbulence is unhelpful. 
Turbulence is affected both by the interplay of air cur¬ 
rents and solid objects below (primarily the vegeta¬ 
tion) and by convection currents of rising warm air. 

3. Air temperature and humidity. Temperature al¬ 
ters the convection currents in the air, which are faster 
and more turbulent when there is a high radiant input 
from bright sunlight on clear days; and low humidity 
is favored, as it reduces the likelihood of imminent 
rain. Both temperature and humidity may also influ¬ 
ence point 2 in the section Timing Factors above. 

Overall Success of Anemophilous Pollen 
Movement and Deposition 

Pollen that is successfully shed into moving air and 
not immediately washed to ground can travel impres¬ 
sive distances. Many records attest to pollen at altitude 
(at least 2000 m above ground) and in air far from 
land, both in the mid-Atlantic and well out into the 
Pacific Ocean. Pollen from Scots pine ( Pinus sylves- 
tris) has turned up in Spitzbergen 750 km to the north, 
and pollen from southern beech ( Nothofagus spp.) oc¬ 
curs in the peat bogs of many Pacific islands at least 
2000 km (and sometimes 5000 km) from the nearest 
growing trees. But in practice such long-distance 
movements are irrelevant for pollination, as most of 
this pollen will have been rendered nonviable by aging 
and by exposure to high UV loads (see chapter 7). The 
vast majority of wind-borne pollen is deposited close 
to its source, and within a few hours or days of leaving 
the parent tree. Figure 19.9 shows the general shape 
of measured pollen dispersal curves, and table 19.1 
gives examples of estimates of the derived standard 
deviation measure (the root mean square of distances 


moved) for common anemophilous plants. Figures are 
higher for trees, largely due to the greater elevation at 
which they shed their pollen, but for nearly all plants 
the mean figures are only a few meters or a few tens of 
meters. The shape of the curves is characteristically 
more highly peaked in the center and more spread out 
at the edges than a normal distribution would predict, 
and this curve is termed leptokurtic, interestingly, the 
same kinds of pollen dispersal curve occur for animal- 
pollinated plants (see chapter 3 and fig. 3.5). 

Various key plant traits affect the outcome of wind 
pollination, summarized in figure 19.10, of which the 
most important is distance between potential mates 
(Cruden 2000). Nearly all anemophilous plants have 
abundant pollen and low ovule number, and hence 
very high P/O ratios (often in excess of 10 6 ; see table 
7.5). Pollen grain number and the P/O ratio needed 
should theoretically be positively related to a plant’s 
distance from a pollen source, so that in turn seed set 
will be inversely related to that nearest (suitable) 
neighbor distance. Allison (1990) confirmed these re¬ 
lationships for yew trees ( Taxus), and seed set was also 
linked to plant spacing for at least three other wind- 
pollinated plants, Espeletia (Berry and Calvo 1989), 
Staberoha (Honig et al. 1992), and Thalictrum (Steven 
and Waller 2007), although in the last case only iso¬ 
lated plants in low-density populations were in prac¬ 
tice pollen limited. For Taxus, there were also negative 
relationships between pollen amount and stigma sur¬ 
face area or stigma receptive period (Weis and Herma- 
nutz 1993), just as in animal-pollinated plants (chapter 
7). However, since pollen grains have to be small, the 
inverse link between grain size and grain number seen 
in zoophilous plants is often lacking, as is the relation¬ 
ship of grain size to stigma depth. 

High P/O ratios are not necessarily only due to the 
uncertainty of pollen reaching a stigma, however, giv¬ 
en the increasing evidence (summarized above) that 
this process is less random than once assumed. Midg- 
ley and Bond (1991a) suggested that intra-male com¬ 
petition could be at least as important in selecting for 
high pollen output and/or high P/O values, while 
Niklas (1992) proposed that pollen is more abundant 
largely because wind-pollinated plants can devote 
more of their metabolic reserves to it, not being con¬ 
strained to invest in costly advertising materials. 

On balance, wind pollination can be extremely ef¬ 
fective in the right conditions, and some outcrossing 
anemophilous plants have the highest rates of gene 


Wind and Water • 427 


A 


120 
100 <• 
80 
60 
40 
20 
0 


50 100 150 

Distance from source (m) 


200 


_Q 

~o 


Figure 19.9 Pollen dispersal curves show a leptokurtic dis¬ 
tribution, strongly concentrated near the source but also 
spreading out to longer distances than predicted by a 
normal distribution: (A) pollen from Pinus elliotti, captured 
on sticky slides; (B) seed set for a grass, Lolium perenne, to 
east and west of a population marked with visible red 
shoot bases. (Redrawn from Proctor et al. 1996.) 
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flow of any plants (Hamrick et al. 1995). This accords 
well with the fact that anemophily has been second¬ 
arily adopted by the relatively advanced and excep¬ 
tionally successful family Poaceae (grasses) as the 
best solution for reproduction in open grass-dominated 
habitats. 


2. Hydrophily 

Whereas wind pollination is reasonably common and 
widespread across plant taxa, pollination by water is 
quite rare, occurring in several monocot families but 
just two dicot families, (collectively less than 3% of all 


angiosperm families). Hydrophily has a very patchy 
distribution indicative of multiple evolutionary ori¬ 
gins. The great majority of aquatic angiosperms are in 
practice pollinated either by insects or by wind (Cook 
1988), which is not surprising given the density of wa¬ 
ter (both freshwater and seawater) that produces sub¬ 
stantial drag on any objects (such as pollen grains) 
moving within the flow, thus greatly reducing rates of 
mixing. 

Dicot examples of hydrophily are found exclusively 
among the starworts ( Callitriche ) and the hornworts 
( Ceratophyllum ). From the monocots there are exam¬ 
ples from at least 29 genera in 9 families. Six of these 
families use hydrophily exclusively, and they tend to 
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Table 19.1 

Pollen Dispersal Distances for Common 
Anemophilous Plants 


Common name 

Cenus 

Standard deviation 

Trees 

Ash 

Fraxinus 

15-45 

Cedar 

Cedrus 

45-75 

Elm 

Ulmus 

300+ 

Fir 

Pseudotsuga 

20 

Pine 

Pinus 

15-65 

Poplar 

Populus 

300+ 

Spruce 

Picea 

40 

Herbaceous 

Sugar beet 

Beta 

2-4 

Maize 

Zea 

6-9 

Plantain 

Plantago 

50-60 


Note: The measure used is "standard deviation," in me¬ 
ters, which is the root mean square of measured distances 
from the source plant. Modified from various sources. 


P/O 

Pollen grain 



Figure 19.10 Factors affecting pollen grain number and pollen/ovule 
ratio in wind-pollinated plants. (Redrawn from Cruden 2000.) 


be intimately associated with brackish or marine habi¬ 
tats, most notably the seagrasses (Cox 1988, 1993) 
which make up three separate but convergently rather 
similar families. 

Hydrophily can take place underwater or at the wa¬ 
ter surface, and these two systems require rather dif¬ 


ferent adaptations so are best treated below as two 
separate syndromes (Cook 1988; Cox 1988). However, 
they do share several crucial features: 

1. The stigmas tend to be large, erect, and rigid, without 
the frilled or tufty forms of anemophilous plants 
(which would collapse in water) 

2. The pollen is generally elongate rather than spherical 
(increasing the possibility of contact with a stigma) 
and often becomes clumped together in “rafts” 

3. Pollen sizes are highly variable, since their transit in 
water is affected by their density rather than their 
mass 

4. Pollen grains have a reduced exine and increased ap¬ 
ertures and are much less rigid than terrestrial pollens 
(Pettitt 1984; Diez et al. 1988); they may also incor¬ 
porate starch grains that enhance flotation (Mahabale 
1968) 

5. Pollen amounts are variable but generally quite low, 
so that P/O ratios also tend to be low (see table 7.5). 

Hypohydrophily 

Also known as hyphydrophly, hypohydrophily is un¬ 
derwater pollination, occurring in three dimensions. It 
is found in 18 genera, many of these being marine 
monocots; in fact all the marine angiosperms belong 
here. It may involve pollen moving through the water, 
but quite often it is whole anthers or even whole flow¬ 
ers that move. It requires some reasonable degree 
of water current flow to function at all (Pettitt 1984; 
Ackerman 1997a). 

Underwater flowers are inevitably wet throughout 
the processes of pollen maturation and release and 
capture, imposing very different needs from those seen 
in terrestrial flowering systems. The flowers tend to 
have a much reduced corolla, usually white or green¬ 
ish, with just one ovule and a large stigma; and they 
are usually unisexual. Pollen grains usually have an 
extremely thin exine, and when clumped together they 
tend to form loose gelatinous masses. 

The hornwort Ceratophyllum presents probably the 
simplest case of underwater pollination and comes 
from a very ancient lineage pre-dating the main burst 
of angiosperm diversification (Dilcher 1995). In both 
sexes the flower (fig. 19.11 A) is a tiny structure in a 
leaf axil, partly surrounded by a ring of 10-15 small 
perianth lobes. Female flowers are very simple, with a 
single ovary bearing an oblique and often bent style 
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Figure 19.11 Aquatic flowers: (A) hornwort, Cerato- 
phyllum and (B) starwort ( Callitriche ). (Redrawn from 
Proctor et al. 1996.) 



whose tip points upward. Male flowers consist of 
around 12-20 short stamens with stalkless anthers, 
bearing an expanded float. These stamens break away 
from the flower and float to the surface where they de¬ 
hisce, but the pollen then sinks back down through the 
water column, much of it probably self-pollinating the 
parent plant unless currents are strong. 

The only other dicot examples are the water star- 
worts ( Callitriche ), which are less easy to characterize 
(Philbrick and Andersonl992). The plants vary from 
fully aquatic to amphibious and often produce flowers 
both above and below water. Flowers are extremely 
small and simple (fig. 19.1 IB), little more than a single 
stamen in males and a single ovary with two stigmas in 
females. In the submerged plants, pollination is pri¬ 
marily due to the most unusual phenomenon of growth 


of pollen tubes through the water to an adjacent stig¬ 
ma, mainly resulting in selling but occasionally achiev¬ 
ing outcrossing. Even in emergent plants at least some 
fertilization is due to pollen tubes growing through the 
vegetative tissues to reach female flowers. 

In the submerged monocots, extremely simple flow¬ 
er structures are again the norm (fig. 19.12). Zan- 
nichellia and Najas are pondweeds, and both have 
clusters of flowers, often one male and a few female. 
In Najas the pedicel of the male flower elongates and 
curves just before dehiscence, to bring anthers close to 
a branching stigma (Huang et al. 2001). Pollen grains 
are then released directly into the water, generally in 
small masses that adhere for a few minutes and then 
break up. Not infrequently the pollen grains begin to 
germinate while still floating freely (perhaps aided by 
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Figure 19.12 Flowers in the submerged mono¬ 
cot Zanichellia, with a close-up view of one male 
and three female flowers. (Redrawn from Proc¬ 
tor et al. 1996.) 


the thinness of the exine), and it is likely that the re¬ 
sulting pollen tubes help to ensure catchment on a 
stigma. 

In contrast, the marine seagrass monocots, distrib¬ 
uted across three families but best known as eelgrass 
in the genus Zostera, are noted for their unusually long 
filamentous or spaghetti-like pollen, released as tan¬ 
gled floating pollen rafts easily visible to the naked 
eye. In most genera the individual pollen grains take 
this remarkable elongate form, probably convergently 
(Ackerman 1995), although in Caribbean turtle grass 
( Thalassia ) a similar effect is achieved with more typi¬ 
cal round pollen grains that are strung together in long 
strands. Most seagrasses have separate male and fe¬ 
male flowers (fig. 19.13), held within narrow sheathed 
flowering spikes, where female flowers mature first. 
Once their similarly (although less extraordinarily) 
elongate stigmas have begun to wither, the anthers ma¬ 
ture and emerge from the sheath, and the pollen rafts 
are released to drift through the eelgrass beds, where 
they will wrap around any elongate object they en¬ 
counter, potentially thereby becoming trapped onto 
the stigmas of another plant. The elongation of grains 
gives a better change of encountering a stigma, espe¬ 
cially as the female flowers produce local eddies 
around themselves (Ackerman 1997b) that make the 
pollen grains rotate and interact with the flow lines 
leading in to the flower. In species that are always sub¬ 
merged, the pollen grains have a similar density to 
that of seawater and move in three dimensions; but in 
intertidal species the anthers have many air spaces 
within them and the pollen is water repellent, forming 
rafts on the surface film and rising and falling with the 
tide. In the common Zostera marina, the pollen is neu- 



Figure 19.1 3 Flowers of seagrass (Zostera), showing a sheathed flow¬ 
ering shoot, and the same with sheath peeled back to show anthers 
and ovaries. (Redrawn from Proctor et al. 1996.) 


trally buoyant and can function either in the surface 
film or when submerged (de Cock 1980; Cox et al. 
1992). 

Marine pollens provide a useful food source for 
fish, and in Thalassia there is a pronounced synchrony 
of anthesis and especially of pollen release from the 
males within one hour of dusk, perhaps ensuring max¬ 
imum fertilization but also helping to avoid too much 
pollen predation (van Tussenbroek et al. 2008). 
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Epihydrophily 

Sometimes termed ephydrophily, epihydrophily is 
pollination at the water surface and therefore in two 
dimensions. It can be either wet or dry; that is, the pol¬ 
len may be released to float freely at the surface or it 
may remain adherent to the anthers, the whole flower 
moving across the water surface film to meet the stig¬ 
mas just above the surface but effectively in air. Since 
pollination occurs at the surface, it is strongly affected 
by water currents, which can be much stronger at the 
air-water interface; therefore most plants using this 
system do not dehisce unless winds and current speeds 
are reasonably low. However, the fact that the pollen 
moves in one plane does then greatly increase the 
chances of hitting the target (stigmas) compared to 
three-dimensional underwater pollination. 

In Elodea, one of the commonest waterweeds, it is 
the pollen that moves between plants in the normal 
manner. Both male and female flowers (fig. 19.14) oc¬ 
cur on long stalks that reach to the water surface, 
where they open. In the male flowers, which tend to be 
rare, there are six small whitish petals so that they ap¬ 
pear not unlike many terrestrial angiosperm flowers; 
but the sepals have water-repellent surfaces and so 
tend to push the rest of the floral structures out above 
the water film, acting as a cup on which the receptacle 
and stamens can sit erect. There are nine rather short 
and stout stamens, which dehisce very rapidly and 
scatter pollen grains over the surrounding water film, 
where they rest on tiny exine spines that hold back the 
water and so keep the pollen dry. In the female flow¬ 
ers, the three large water-repellent stigmas are some¬ 
what recurved and protrude beyond the perianth, so 
that the flower sits in a small depression in the water 
film, on the tips of two or three of its stigmas. Any pol¬ 
len grains, moved by air and water currents, that drift 
toward the female flowers are drawn into the surface 
dimple in the water meniscus and so inevitably contact 
these stigmatic surfaces. 

Potamogeton pondweeds (fig. 19.15) often have 
systems rather similar to Elodea for pollination, but 
there is variation within the genus, some species hav¬ 
ing flowers emerging fully from the water surface and 
using wind to carry the pollen, and others such as P. 
pectinatus sometimes failing to reach the surface at all 
in deeper waters, their pollen being carried upward to 
the air/water interface in tiny air bubbles that form as 
the anthers dehisce (Philbrick and Anderson 1987). 



stamens 



Figure 19.14 Elodea (Canadian waterweed): (A) male flower and (B) 
female flower with large stigmas, both emerging to effect pollination 
at the water surface. (Redrawn from Proctor et al. 1996.) 


This may not be very efficient: Guo and Cook (1989) 
recorded seed set of 2%-7% in submerged inflores¬ 
cences, compared with values of up to 40% in those 
that were emergent. Species of Potamogeton have been 
analyzed in terms of the predicted links between flow¬ 
er traits (Philbrick and Anderson 1987; Cruden 2000), 
showing that species with small inflorescences also 
tend to have small and short-lived stigmas and low P/O 
ratios (2000-10,000), and to exist in close proximity 
with neighbors, while as expected the species with 
larger numbers of flowers per inflorescence have large 
stigmas that are receptive for up to a week and have 
high P/O values (25,000-40,000), tending to live in 
highly dispersed populations where potential pollen 
donors are very distant. 

One of the classic examples where whole flowers 
are the motile agents for pollination is the ribbonweed 
or tapegrass Vallisneria, originating in the tropics but 
widely naturalized elsewhere and familiar from its use 
in many aquaria. The plants grow in the bottom muds. 
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anthers 

with 



(4 present) 


A) 

growth habits of emergent and nonemergent 
species, and (B) a typical single flower of P. ber- 
chtoldii; usually protogynous so the stigmas are 
unreceptive once the pollen is dehiscing. (Re¬ 
drawn from Proctor et al. 1996.) 


male flowers female flowers 




Figure 19.16 Vallisneria, tape-grass, showing (A) 
the growth form and male flowers breaking off 
to float to the surface; (B) male flowers at the 
surface; (C) a single female flower. (Redrawn 
from Proctor et al. 1996, partly based on earlier 
sources.) 


with long ribbonlike leaves reaching almost to the sur¬ 
face. They are dioecious, with separate male and fe¬ 
male flowers (fig. 19.16). Male flowers grow near the 
base of the plant but break free as they mature and then 
rise to the surface. Each is approximately globular, 
formed from three simple sepals, which once at the 
surface open to reveal two stout stamens, dehiscing to 
form two small balls of pollen. These tiny male flow¬ 
ers then drift about on the surface film, driven by wind 
and water currents. In contrast, the female flowers re¬ 
main on the plant and are propelled to the surface on 
the tip of elongate spiraling stems. Once the tip of the 
flower reaches the surface it penetrates the surface film 
and its hydrophobic properties cause it to form and lie 
in a shallow dimple in that film. The three sepals then 
open to expose three large stigmatic lobes, covered in 
fine hairs that are strongly hydrophobic; the stigmas 
are therefore unwettable. When a male flower drifts 
close to a female, it tends to be drawn in by the dimple 
in the water surface and so hits the stigma. 

Clearly the special properties of the water meniscus 
and surface tension phenomena play a role in bringing 


pollen to stigmas more reliably than chance alone, and 
the interaction of filamentous pollen grains with ed¬ 
dies around the open flowers play a part in increasing 
capture rates (just as for wind pollination). As with 
anemophily, the movement of pollen from donor to re¬ 
cipient is substantially better than would occur by 
chance alone. 

We should also mention a further kind of hydroph- 
ily in the broadest sense of pollen movement by water, 
in that pollination can occasionally be effected by rain 
( ombrogamy; see Cox 1988). Cases of this could arise 
in particularly wet climates, and it has been specifi¬ 
cally proposed for Piper nigrum flowers and perhaps 
for some cycads, but all of these have been disputed. A 
report of rain involvement in the pollination of a spruce 
(Runions and Owen 1995) seems more reliable; here 
the natural pollination drops secreted within the cone 
can scavenge passing pollen, but when the drops are 
enlarged after rainfall they do even better at floating 
pollen in to the micropyle. The case of rain-aided self- 
ing in an orchid (Pansarin et al. 2008; chapter 3) should 
also be included here. 
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3. Overview 

All modes of abiotic pollination share certain common 
characteristics, most notably the small drab flowers 
with reduced perianths, exposed anthers and stigmas, 
and usually reduced ovule number. However, they also 
all achieve markedly better pollen transmission and 


pollen capturing specificity than is usually realized, 
and are by no means random processes with only a 
tiny chance of success, as they are sometimes por¬ 
trayed. In fact a diverse range of plants and their pollen 
grains have proved adept at exploiting the varied prop¬ 
erties of fluid flow and at managing this flow to their 
own advantage. 


Chapter 20 

SYNDROMES AND WEBS: SPECIALISTS 
AND GENERALISTS 


Outline 

1. Theoretical Arguments against Syndromes 
and Specialization 

2. Practical Evidence against Syndromes 

3. Proposed Alternative Approaches 

4. Some Problems with Pollination Webs 

5. Refining Web-Based Approaches 

6. Specialization and Generalization: 

Core Issues 

7. Selection for Specialization in Flower- 
Pollinator Interactions 

8. Generalization versus Specialization: Patterns 
in Different Ecosystems 

9. Can Generalization Be Reversed? 

10. Overview: Why Does the Argument over 
Generalization, Specialization, and 
Syndromes Matter? 

11. In Conclusion: A Personal View 


In recent years, many pollination biologists have em¬ 
barked upon a reassessment of the classical approach 
to their subject, as established above all by Sprengel, 
Darwin, Vogel, and van der Pijl. For about 150 years 
the main emphasis was on showing the adaptive value 
of floral traits in relation to particular visitors, and then 
in showing how neatly plants can control these visitors 
to achieve cross-pollination. In turn this led to the es¬ 
tablishment of particular relationships as pollination 
syndromes set out in chapter 11 and pursued in detail 
through chapters 12-19, where major groups of flower 


visitors were associated with certain combinations of 
structure, advertisement, and reward in flowers, which 
were seen as adaptive. Stebbins (1970) formalized as¬ 
pects of this approach in terms of the most effective 
pollinator principle (MEPP), supposing that a given 
plant would evolve specializations suited to its more 
effective pollinators. In turn this leads to an assump¬ 
tion that specialization is desirable and promotes floral 
divergence and potential pollinator-mediated specia- 
tion through reproductive isolation, underpinning the 
modern diversity of flowering plants as was outlined in 
chapter 4. 

Throughout the 1970s these views were somewhat 
amended as ecological principles of community struc¬ 
ture and niche partitioning were assimilated into pol¬ 
lination studies, along with increasing appreciation of 
the complexities and convolutions of species interac¬ 
tions. By the 1990s many ecologists were increasingly 
pointing out that alongside seemingly quite specialist 
flowers there were many that were in practice visited 
by multiple kinds of visitors, and this was formalized 
by Ollerton (1996) as a “paradox”: that flowers may 
appear to be phenotypically specialized but ecologi¬ 
cally generalized. 

The simple scenario of plant-pollinator evolution 
toward increased specialization, outlined at the end of 
chapter 11, is now seen as far from universal, and ac¬ 
cumulating research work has stressed that pollination 
does not necessarily tend to become more specialized 
through time, and that plant-pollinator coevolution is 
far more complex and more varied than the original 
models implied. In the last two decades many workers 
have also turned their attention to a more precise anal¬ 
ysis of the mechanisms and genetics of selection on 
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floral traits and to modeling the evolution of special¬ 
ization against a background of conflicting selection 
pressures. In addition, there has been much greater in¬ 
terest in intraspecific variation in floral characters; if a 
species is coevolved with a particular pollinator and all 
its features are selected to favor visits by that pollina¬ 
tor, why is there so much polymorphism within a flow¬ 
er species, so much variation in color, scent, and 
shape? And how does this variation, whether natural or 
artificially selected for by human intervention, affect 
the final outcome of flower visits? If floral variation 
within a plant species is substantial, how far are ani¬ 
mals really exerting any selection on floral traits, how 
far are such traits adaptive, and how can this adapta¬ 
tion be quantified? 

In short, are syndromes really a helpful way of ap¬ 
proaching floral biology? Increasingly, ecologists have 
tended to stress that syndromes represent a serious 
oversimplification, that most flowers are generalists 
rather than specialists, that pollinator selection on flo¬ 
ral traits is often rather weak and constrained by exter¬ 
nal ecological factors, and that “adaptationist story¬ 
telling” about flower-pollinator coevolution has been 
greatly overdone in the past. In this view, floral gener¬ 
alization is predicted as the best strategy for a flower 
visitor whenever the abundances of preferred species 
are low or are fluctuating in time and space (Waser 
et al. 1996). Specialization and constancy are not to be 
expected and should not be seen as indicators of an 
advanced pollinator (Waser 2001, 2006). This view 
has come to dominate the literature in the last decade, 
although it is worth noting that the paradigm shift did 
not begin from nowhere in the mid 1990s; in fact an 
earlier review by Thomson (1983) noted the rarity of 
obligate specialist interactions in pollination biology 
and pointed out that in practice pollination webs ex¬ 
isted and (as with food webs more generally) were 
likely to be complex and cross-connected. By 1996 
Herrera could assert that “there is now overwhelming 
evidence that syndromes are of little value in explain¬ 
ing interspecific variation in pollinator composition,” 
while Ollerton and Watts (2000) claimed real difficulty 
in inferring the type of pollinator that visits a plant just 
from observing the floral traits. Various authors now 
start their data presentation from a standpoint of “gen¬ 
eralization is the rule,” accompanied by skepticism as 
to the reality of syndromes (e.g., Medan et al. 2006). 
This movement has proceeded to such an extent that 
some authors cannot bring themselves to use the word 


syndrome at all, and speak (even then reluctantly) of 
“types of pollination systems.” 

In some respects, then, the world of pollination bi¬ 
ologists has divided; one half focused on generaliza¬ 
tion and ways of dealing with it and predicting out¬ 
comes of it using increasingly sophisticated modeling 
approaches, and the other half continuing to document 
the specialist relationships they perceive in the field 
and to detect the pollinator-mediated selection that un¬ 
derlies this specialization. 

This chapter follows on from the defense of syn¬ 
dromes mounted in chapter 11, and all the material in 
support of specific syndromes in chapters 12-19, by 
addressing the core issues raised by critiques of polli¬ 
nation syndromes and alternative approaches to char¬ 
acterizing pollination in communities, in the context 
of floral and pollinator specialization. Many will per¬ 
ceive it as covering the crucial issues for modern pol¬ 
lination ecology; although, in some sense, that percep¬ 
tion is part of the problem! 

1. Theoretical Arguments against 
Syndromes and Specialization 

As outlined above, it is becoming commonplace to use 
a more ecological or community level approach to flo¬ 
ral adaptation and divergence, considering flower com¬ 
munities as a whole rather than individual interactions. 
A good summary of this change of viewpoint was given 
by Wilson and Thomson (1996). The key paper to move 
things onward was by Waser et al. (1996); these au¬ 
thors stressed the distinction between laws and trends 
and noted that syndromes are not laws at all, but at best 
just fairly weak trends, with the links between floral 
traits and observed pollinators being much less strong 
and less simple than previous literature asserted. They 
asked that evolutionary pollination biologists should 
not let “the appeal of orderly pollination syndromes” 
obscure the richness and complexity of the relations 
between plants and flower visitors. 

There has also been increased appreciation of the 
conflict at the heart of plant-pollinator interactions. 
Many mutualisms evolve out of essentially parasitic 
and exploitative relationships, and previous emphases 
in mutualism biology implied that coevolution should 
lead from this to ever-increasing specialization and 
stability, where the aims of both partners were best 
achieved; this is an attitude prevalent in all early 


436 • Chapter 20 


Darwinian literature. But, as earlier chapters have ex¬ 
plicitly noted, the goals of plant and visitor are very 
different and often directly conflicting, so that a priori 
the outcome is often likely to be a more generalist 
compromise rather than increasing specialization. In a 
scenario of competing interests, instances where the 
two parties converge on a relationship of mutual de¬ 
pendence should be rather rare. Furthermore, the pol¬ 
lination syndromes discussed in earlier chapters are 
named and characterized by their supposed pollinator 
group, and hence they carry inferences about past co¬ 
evolutionary processes having occurred that are un¬ 
tested and untestable. 

It is also to be expected that there will be evolution¬ 
ary and ecological risks to being a specialist; specialist 
associations are vulnerable to any perturbation, a clas¬ 
sic ecological principle that is no less relevant in pol¬ 
lination ecology. A specialist plant would become vul¬ 
nerable if the abundance of its key pollinator were 
reduced; similarly, a visitor adapted for a single type 
of plant would suffer upon a decline of that plant. Bu- 
chmann and Nabhan (1996) presented a number of 
good examples on this theme. High reciprocal special¬ 
ization between a plant and a pollinator is especially 
risky where the abundance or the quality of interac¬ 
tions varies over time (Waser et al. 1996; Renner 1998; 
Vazquez and Simberloff 2002; Memmott et al. 2004); 
and in any obligate one-to-one relationship the conse¬ 
quences are potentially terminal. 

Turning to the evolution of specialized floral types, 
these must presumably arise from a more generalized 
type (an issue considered more specifically below); 
and there must be a transition phase when adaptations 
to a particular pollinator are accruing but there is still 
exposure to other visitors. At this stage, any further 
gains in fitness in adapting to the specialist pollinator 
must more than offset losses from concomitantly be¬ 
coming less adapted to the other possible pollinators. 
But pollination could be seen as occurring in a fine¬ 
grained environment (Aigner 2001, 2006), the plant 
experiencing a range of different environmental condi¬ 
tions in relation to the various visitors it may receive. 
Specialization is unlikely to proceed further in a het¬ 
erogeneous environment, especially perhaps where 
each type of flower visitor itself experiences spatial 
and temporal population fluctuations. 

Another crucial point is that many and perhaps 
most flower traits are undergoing selection from influ¬ 
ences other than just their pollinators (e.g., Strauss and 


Whittall 2006; Irwin and Adler 2006; Gomez 2008), 
and thus their trait optimum is often a compromise 
(fig. 20.1). For example, many flower characteristics 
also influence herbivores or seed predators and are in 
turn influenced by them (e.g., Cariveau et al. 2004; and 
see chapter 25). Some floral traits are altered by infec¬ 
tion from fungi etc., and others again are affected by 
environmental conditions. If the selective fitness value 
of a trait is affected in the same direction by factors 
other than pollinators, then the trait value seen is likely 
to reflect the preferences of a relatively specialized 
pollinator (fig. 20.1 A); but if the selection from other 
interacting organisms is in the opposite direction then 
the trait seen in the natural population may be a trade¬ 
off, very unlike that preferred by a pollinator (fig. 
20.IB), and a specialized interaction becomes more 
unlikely. Steffan-Dewenter et al. (2006) pointed out 
that a disregard for other biotic interactions (herbivory, 
seed predation, etc.) that might modulate plant-polli¬ 
nator interactions could lead to a greater detection of 
“specialization” than really exists. 

Syndromes are also seen to be undermined by the 
necessity to erect a category for the generalist flowers; 
for example Corbet (2006) reported this “absence of a 
category” as “a major shortcoming” for syndrome ap¬ 
proaches. Such flowers get most of their visits from a 
diverse range of small and short-tongued insects (flies, 
beetles, small wasps, etc.), and they can be dominant 
in some communities. These generalist flowers are es¬ 
pecially represented by the umbellifers, many Aster- 
aceae, and some Rosaceae in temperate systems (as 
we have seen, but note also the cautionary message at 
the end of chapter 11); and by examples from a wider 
range of families in the tropics. 

From all these theoretical standpoints, syndromes 
can be seen as far too “cosy” as a framework for un¬ 
derstanding pollination ecology. 

2. Practical Evidence against 
Syndromes and Specialization 

Multiple Visitors to Single Plant Species 

There have been repeated citations of examples where 
a classic plant from one syndrome gets visits from other 
kinds of pollinator; for example, Waser (1983a) men¬ 
tioned a typical bumblebee flower (Delphinium nel- 
sonii) visited heavily by hummingbirds and a typical 
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Figure 20.1 Floral trait evolution, with multiple 
agents—both pollinators and antagonists— 
acting: where preferences are opposing as on 
the left (A), they favor the same trait opti¬ 
mum; where their preferences are the same 
(B) the fitness effects will be opposing and 
there may be optima of traits as compromises, 
and a greater range of phenotypes. (Redrawn 
from Strauss and Whittall 2006.) 
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hummingbird flower (Fouquieria splendens ) visited 
heavily by solitary bees, and this and many similar ex¬ 
amples are regularly repeated. 

More generally, it is an indisputable fact that any 
one plant may get flower visits from many different 
kinds of visitors, from different taxonomic groups, 
with visit patterns varying in space and time. These 
kinds of studies are presented at various taxonomic lev¬ 
els, and where insects are concerned they commonly 


involve orders or families of visitors. For example, 
Herrera (1996) gave records for seven different Medi¬ 
terranean and southern European habitats (fig. 20.2), 
showing that it was very common for two or more or¬ 
ders of insect (and often all five common orders) to 
visit any flowers of any one plant species in a commu¬ 
nity, even where the flowers were tubular enclosed 
types and where (at least loosely speaking) most of the 
visitors were judged to be potential pollinators. At 
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Figure 20.2 Numbers of insect orders visiting flowers in seven different habitats. (Modified from data sets compiled 
by Herrera 1996.) 


these sites an average of 2.7 orders visited per plant 
species. Herrera’s data have been taken to indicate that 
only a low degree of floral specialization is prevalent. 
Many other authors have come to a similar conclusion 
from data of this kind. In fact, it has generally been 
claimed that statistical analyses of observed visitation 
patterns give only very limited support for a classifica¬ 
tion of plant types in terms of traditional syndromes 
(e.g., Ellis and Ellis-Adam (1993) in Europe; Hingston 
and McQuillan (2000) in Tasmania; and more gener¬ 
ally see Ollerton and Watts (2000)). 

Particularly widely cited now are two analyses by 
Waser et al. (1996). The first was based on an early but 
large-scale study (Clements and Long 1923) of 94 
plant species in Colorado, where the plant species each 
received visits from 1-62 animal species (mean 9.8), 
and 80% were visited by more than one animal spe¬ 
cies. Animals visited 1-37 plant species (mean 3.3), 
with 48% visiting more than one plant species. The 
second analysis was based on the work of Robertson 
(1929), who looked at 375 plant species in Illinois; 
here 33.5 animal species on average visited each plant 
species, and 91% of plants had more than one visitor 
type. On this basis, generalization was said to be pre¬ 
dominant. However, several criticisms of these analy¬ 
ses can be made and will appear in later sections. 


To pick out one more of many studies that have fol¬ 
lowed this lead, Minckley and Roulston (2006) worked 
in the Chihuahuan Desert with a bee-dominated com¬ 
munity and found that each plant species hosted 0-13 
visitor species, and there was a strong positive relation 
between number of visitors and number of types of 
visitor (fig. 20.3A). In terms of specialization, only 
Penstemon parryi was really specialist (fig. 20.3B), 
getting visits solely from Osmia bees, while oligolec- 
tic bees visited plants that also had many generalist 
polylectic bee visitors. Perhaps the most interesting 
finding was that oligolectic bees tended to visit rather 
simple flower types, not the more obviously special¬ 
ized flowers. However, the simple flower types did not 
host significantly more visitor types (6.0 ± 2.6) than 
the more complex flowers (9.4 ± 1.7). These authors 
then reanalyzed the data from three other studies and 
again found that oligoleges and polyleges tended to 
converge on the same floral species (fig. 20.3C). 

Spatial and Temporal Variation in 
Flower-Visiting Faunai Assemblages 

Not only are flowers visited by many animal species, 
but the pattern of visits is highly variable in time and 
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Figure 20.3 (A) Visitor number plotted against visitor type, in a Chi- 
huahuan Desert bee-dominated community (redrawn from Minckley 
and Roulston 2006); (B) the Shannon-Weaver diversity of floral visi¬ 
tors per plant against the relative specialization of those visitors (~ the 
diversity of plants that they used), with Penstemon as an outlier visit¬ 
ed by only Osmia bees (and Opuntia having a few but highly special¬ 
ized visitors); (C) analysis of this and three other studies, by the same 
authors, showing an overview of the numbers of (generalist) polyleg- 
es hosted by plants that also do or do not host more specialist oli- 
goleges, most of the generalists and specialists converging on the 
same hosts. 


space (Herrera 1988, 1990, 1996; Waser et al. 1996; 
Armbruster et al. 2000; Price et al. 2005). Pollinator 
communities vary both across years (e.g., Herrera 
1988; Traveset and Saez 1997; Fenster and Dudash 
2001) and within seasons (e.g., Ashman and Stanton 
1991; Gomez 2000), and even in relation to local mi¬ 
croclimate (Herrera 1995a; Zamora 1999). Price et al. 
(2005) gave a detailed analysis of a seven-year study 
on Ipomopsis which showed rates of visitation varying 
by more than an order of magnitude between sites and 
between years. Figure 20.4, A and B, shows variation 
in visitation to lavender flowers for 17 different sites in 
Spain and for sites close to or distant from streams 
(Herrera 1988), and figure 20.4C shows variation 
through the day at one site in terms of pollen deposi¬ 
tion and distance flown between flowers (Herrera 
1990). 

Such variation is thus well documented and ubiqui¬ 
tous, occurring in most habitats, and critics of syn¬ 
drome approaches point out that it is bound to lead to 
fluctuations in the magnitude and direction of pheno¬ 
typic selection. Indeed, it has been alleged that an un¬ 
due concentration on very small-scale studies in the 
past might also have led to a greater detection of “spe¬ 
cialization” than really exists (Steffan-Dewenter et al. 
2006). 

There is a further component of temporal unpre¬ 
dictability in many pollination relationships, where a 
specialist visitor may be active before or after its pre¬ 
ferred plant is in flower in a given year, or where the 
floral host may bloom twice a year but the specialist 
visitor overlaps with only one of these events. For ex¬ 
ample, Larrea, the creosote bush, commonly has a 
second late-summer bloom in southern United States 
deserts when only 2 of the 22 oligoleges that visit in 
the spring are present (Minckley et al. 1999, 2000). 
Still with the temporal theme, there are also obvious 
examples where long-lived pollinators are feeding 
over much longer periods than the flowering season of 
any one plant, so that the pollinator cannot be too spe¬ 
cialist; this was mentioned in chapter 15, and a hum¬ 
mingbird example of the inevitable multiple plant us¬ 
age was shown in figure 15.8. 

There are likewise additional spatial issues, relating 
to range effects and the spatial unreliability of special¬ 
ist visitors. Widespread and seemingly specialist plants 
are not overlapped across their whole range by any one 
or few visitor species. Again Larrea serves as a good 
example, with only 2 of the 22 oligoleges that visit it 
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having distributions covering more than half of the 
species range (Minckley et al. 1999, 2000). Such ef¬ 
fects can be due to lack of suitable nesting sites or 
nesting material in some areas, but whatever the cause 
they should limit the plant’s scope for specialization. 

Finally, long-term climatic instability across time 
and space has repeatedly altered the communities in 
which organisms exist, thus acting against symmetri¬ 
cal specialist-specialist interactions (Ollerton et al. 
2003). 

Pollination of Plants without Their 
Natural Pollinators 

There are well-known examples where a community 
of plants is successfully pollinated despite having no 
shared history with supposed natural pollinators. For 
example, there are at least 12 species of apparently or- 
nithophilous plants on the Canary Islands, relict spe¬ 


cies from preglaciation forests, but no classic bird pol¬ 
linator species as visitors; the flowers are visited and 
effectively pollinated by various unspecialized war¬ 
blers (Olesen 1985). On the scale of seminatural ex¬ 
periments brought about by human intervention, there 
are many cases where introduced plants are success¬ 
fully pollinated by entirely new and unfamiliar polli¬ 
nator assemblages. The syndrome approach also suf¬ 
fers in the light of experience with practical crop 
pollination, especially with introduced species, where 
it is commonly found that a plant is successfully pol¬ 
linated by a new range of visitors when introduced to 
a new country (which after all is the reason why much 
of human cultivation worked at all). 

Constraints on Specialization 

In many areas of ecology, specialism is constrained by 
phylogenetic and morphological constraints, and this 
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Figure 20.4 Visitor groups to lavender flowers varying 
(A) with site and (B) with proximity to streams, in Spain 
(Herrera 1988); and (C) the variations with time, in terms 
of pollen grains transferred to stigmas per minute and dis¬ 
tance moved between flowers, showing greater efficien¬ 
cies of pollen transfer in early and later daily periods (± SE) 
(modified from data in Herrera 1990). 
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is assumed to be true for pollination relationships as 
well. Intrinsic limitations on adaptedness may arise 
from genetic, life history, or developmental constraints 
(Kochmer and Handel 1986; J. Zimmerman et al. 
1989; Delph et al. 2004). Other kinds of constraints 
are considered in section 5, Refining Web-Based Ap¬ 
proaches below. 

The Equivalence of Visitors as Pollinators 

Somewhat counter to evidence given in chapter 11, it 
has been argued that many visitors to a flower will 
show functional equivalence in their ability to transfer 
pollen (e.g., Gomez and Zamora 2006), so that in prac¬ 
tice they will act together to select for rather generalist 
floral adaptations and are not distinctive selective 
agents. 

It could also be the case that many apparently spe¬ 
cialist visitors are not necessarily good pollinators. 


Minckley and Roulston (2006) asserted that “many are 
not,” although in citing works on Lantana (Barrows 
1976) and on Heterotheca (Olsen 1997) they picked 
examples where it is doubtful that most would call the 
visitors specialist anyway. They further noted that an 
apparently specialist visitor’s efficacy can be dimin¬ 
ished by morphological mismatch or inappropriate be¬ 
havior such as robbing, although again it is doubtful 
that a pollination biologist would consider such an ani¬ 
mal as a specialist. 

Specific Criticisms 

As specific evidence against the value of flower color 
syndromes, a study of German wildflower communi¬ 
ties (Chittka, cited in Waser et al. 1996; see fig. 5.12) 
recorded that the classic color patterns seen as charac¬ 
teristic of particular syndromes were only weakly re¬ 
lated to recorded visitors, and that floral color—often 
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seen as the key element in the syndrome concept— 
was in fact not a good predictor of a flower’s pollina¬ 
tion system. 

Another specific issue is the common occurrence of 
rewardless flowers, which is perhaps hard to explain if 
pollination syndromes and specialization are impor¬ 
tant, given the learning abilities of many foragers. 
Renner (2006) argued that the intermediate stage of 
transient rewardless flowers is crucial, preventing the 
learned discrimination and avoidance that would oth¬ 
erwise occur and so militating against too much spe¬ 
cialization. In this context, Gomez and Zamora (2006) 
suggested that extreme specialization may only be 
found in permanently rewardless flowers, or in flowers 
producing unusual rewards such as oils, fragrances, or 
resins, where the visits of normal pollen and nectar 
seekers are discouraged. 

The specific case of bees is also instructive here. 
Extensive work on how they forage and optimize their 
foraging has allowed detailed foraging models, espe¬ 
cially for social species. Usually honeybees and bum¬ 
blebees are generalist at the colony level but can be 
relatively specialist as individuals. Also they seem to 
prefer minimum-variance flowers, as reported in chap¬ 
ter 18. However, this is not always the case. First, pref¬ 
erences may change with colony state, so that whether 
the nest is short of nectar or already has good stores 
may make a difference to bees’ preferences and “fussi¬ 
ness” (and hence to apparent specialization). Second, 
learning alters their preferences (in particular, han¬ 
dling time can be reduced by learning); but bees do not 
live long as foragers, so that at any one time many for¬ 
agers will be naive, and even experienced bees may 
still end up with low foraging success on a complex 
(already learned) flower compared to an open, easy 
flower. Hence there could well be constraints against 
a flower visited by social bees (a dominant syndrome 
in many habitats) becoming too complicated or too 
specialized. 

Orchids provide a further specific case, frequently 
appearing very specialized with low pollinator sharing 
and often using an animal’s reproductive behavior 
(rather than foraging behavior) to achieve pollination 
(see chapter 23). According to Schiestl and Schltiter 
(2009), there is no association here between special¬ 
ization and degree of pollinator sharing, although these 
authors did find that the degree of sharing was low, as 
expected, and that specialization did link to orchid 
species richness (cf. Sargent and Otto 2006). 


3. Proposed Alternative Approaches 

Given the currently perceived problems with a syn¬ 
drome-based approach to pollination studies, it is not 
surprising that a range of other possible frameworks 
and approaches have been proposed in recent years. To 
some extent these are overlapping and complementary, 
but as a starting point they are summarized here as 
separate developments. 

Plant-Pollinator Landscapes 

Bronstein (1995) proposed that pollination ecologists 
should consider five types of community level land¬ 
scape as a way of describing pollination systems. Her 
proposal accepts the idea of key traits in flowers that 
tend to cluster together but extends this to stress that 
these traits vary both within species and between spe¬ 
cies that may share an apparent syndrome. Different 
individual plants within a population may flower at 
slightly different times, have slightly different flower 
size or mean nectar volume, and attract a slightly dif¬ 
ferent range of visitors. This landscape approach can 
be expressed as a contingency table (fig. 20.5), which 
also allows a useful focus on the plants’ flowering 
strategies (synchronous or asynchronous flowering) 
and on the animals’ foraging strategies (specialized, 
generalized, or migratory, also divisible into trap-lin¬ 
ing, density-dependent, and sexually duped foragers). 

Type 1 : a landscape dominated by generalist polli¬ 
nators, with the flowers blooming sequentially and in 
complementary fashion, with little overlap. Common 
in the tropics, but also in some highly seasonal sys¬ 
tems including tundra. Little competition between 
plants, and the same plant may be visited by a se¬ 
quence of visitors over a long flowering period. For 
example, lavender (Lavandula stoechas ) in Spain re¬ 
ceives up to 70 different kinds of visitor, each with a 
different activity peak over the three months of flower¬ 
ing. This can also lead to sequential mutualisms, for 
example of Delphinium and then Ipomopsis in the 
well-studied Rockies site. 

Type 2: a landscape dominated by generalist polli¬ 
nators but with plants all blooming at once. Common 
in deserts and in subtropical areas with a clear-cut rainy 
season, perhaps also in some temperate and alpine 
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Figure 20.5 "Pollinator landscapes," expressed in a 
contingency table, with the five different landscapes 
described in the text identified by numbers. (Modified 
from Bronstein 1995.) 
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habitats. Obvious competition between plants, many 
with low reproductive success, visitors moving be¬ 
tween species too much and wasting pollen. 

Type 3: a landscape with specialist pollinators visit¬ 
ing plants with prolonged flowering periods, often in 
aseasonal habitats; uncommon, but an example is fig 
wasps, needing a sequence of figs all year round. 

Type 4: a landscape of generalist migratory and 
trap-lining pollinators, for example bats or humming¬ 
birds, switching through a variety of plants in the 
course of a year. Specialist at any one site and moving 
along nectar corridors of successive flowers. For ex¬ 
ample, Fleming et al. (1996) showed lesser long-nosed 
bats using localized areas of century plants (Agave) in 
autumn and again in early spring; the same bats for¬ 
aged over wide areas on various Agave and columnar 
cacti (cardon, saguaro, etc.) in summer and various 
morning glory ( Ipomoea ) species in winter. 

Type 5: specialist pollinators dominating, each vis¬ 
iting a small subset of the plant species available at 
any one time. Seen especially in deserts, tundra, and 
seasonal subtropics. Oligolectic solitary bees are the 
main players in this landscape, each linked to a wide¬ 
spread plant species such as creosote bush or mesquite, 
but also including some bees linked with orchids, and 
yucca moths linked to yuccas. Rather rare. 

Bronstein also noted that types 1 and 5 are especially 
vulnerable to ecological disturbance and partner 
extinctions. 


Ecological Models of Specialization 
and Generalization 

Waser et al. (1996) generated a simple model to ex¬ 
plain why generalization might be the norm in pollina¬ 
tion ecology, with temporal variations in abundance, 
visitation rate, and visit effectiveness as the key fac¬ 
tors. This was extended by Aigner (2001), who mod¬ 
eled a scenario with two pollinators where the pre¬ 
dominance of specialization or generalization was 
largely explained by the strength of stabilizing selec¬ 
tion on flower traits exerted by each, and by their 
abundance and visit rates. On his model, generaliza¬ 
tion was usually the expected result; but if there were 
two equally good pollinators A and B, where A exerted 
a stronger stabilizing selection effect, the flower phe¬ 
notype would move toward the traits favored by polli¬ 
nator A and could still therefore become specialized 
(fig. 20.6). A further model from Sargent and Otto 
(2006) more explicitly took account of local species 
abundance and of pollen import and pollen export so 
that male and female fitness functions were more eas¬ 
ily separated. These authors found differing trade-off 
patterns in which generalization could either be fa¬ 
vored or disfavored, and even one scenario of different 
pollinator attraction trade-off where initial evolution 
toward a generalist strategy could switch to favoring 
specialization once the population began to approach 
the generalist optimum; they also found that general¬ 
ization could favor speciation. All these models have 
merit but as yet do not take into account the more dy¬ 
namic role of pollinators in the whole interaction or 
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Figure 20.6 A model showing in the upper part two pollinators (thin 
and dashed lines) with different fitness contributions to a particular 
trait value, and the total fitness (thick line); the two pollinators make 
comparable contributions overall, but have very different selection 
"widths" so that one (the thin line) is exerting stronger stabilizing se¬ 
lection. Selection drives the phenotype in the arrowed direction 
which maximizes total fitness, so the trait value comes to match that 
from the pollinator exerting the stronger stabilizing selection, and a 
degree of specialization appears. (Redrawn from Aigner 2001.) 


allow sufficiently for the variability in the pollinator 
environment (Morgan 2006). Morgan made an initial 
attempt to extend models in this direction and pointed 
to the need for much more sophisticated theoretical 
treatments in future. 


Typological Approaches 

Corbet (2006) drew attention to an existing but largely 
unregarded literature that had attempted to set up more 
functional groupings of flower types in relation to pol¬ 
lination. These groups are defined in terms of observ¬ 
able shared characters and corresponding functional 
groups (not necessarily taxonomic groups) of flower 
visitors. Ellis and Ellis-Adam (1993) compiled lists of 
visitors to 1300 species of flower in northwest Europe, 
and proposed a classification of floral types (largely 
based on early German classifications by Muller 
(1873) and by Loew (1895)), while also noting that 
anemophilous and pollen-only flowers did not form 
discrete clusters in their factor analysis. Corbet’s study 
expanded on the resultant classifications of flower 
types and of the insects expected to associate with 
them, particularly adding details on floral microcli¬ 
mate and on insect energetics based in part on her own 
works. The result was a three-way functional classifi¬ 


cation of plants, and a three-way largely taxonomically 
based grouping of associated insects (table 20.1); note 
that these groupings and the associated updated de¬ 
scriptors are based on statistical factor analysis from a 
large data set of recorded observations. 

Corbet (2006) went on to dissect the insect group¬ 
ings more carefully and pointed out that some insect 
taxa included species that visit flowers of more than 
one type. She noted that bees (superfamily Apoidea) 
could more usefully be divided into long- and short- 
tongued forms, rather than into family Apidae and 
other families as in the Ellis and Ellis-Adam (1993) 
analysis (and see chapter 18). Similarly with flies, she 
found the taxonomic divisions not always helpful; 
long-tongued hairy bombyliids are partial endotherms 
and visit euphilous flowers such as bluebells and prim¬ 
roses, as do a few long-tongued syrphids such as Rhin- 
gia, whereas most other bombyliids and syrphids se¬ 
lect hemiphilous flowers. Beetles of different kinds 
also visit both allophilous and hemiphilous flowers. 
For all these reasons, Corbet proposed a more func¬ 
tional division of insects, related to their physical and 
physiological attributes. Here she concentrated on 
depth thresholds (the tongue must be long enough to 
reach concealed nectar in a tube), cost thresholds (ac¬ 
cessible nectar energy content must be high enough to 
exceed costs of visiting), and temperature thresholds 
(body temperature must be high enough to permit 
flight for foraging bouts). A cognitive threshold should 
be added to this list, requiring sufficient learning abil¬ 
ity to cope with complex floral structures. For allo¬ 
philous flowers, none of these thresholds are very im¬ 
portant; but for euphilous flowers they all come into 
play, and selection on the plant may act to favor spe¬ 
cialist and/or exclude nonspecialist visitors by 

1. lengthening the corolla to raise the depth 
threshold, 

2. increasing nectar volume (but not concentration), 
to exceed an endotherm’s cost threshold without 
preventing it from sucking up the fluid, 

3. flowering at times (seasonally or daily) when tem¬ 
peratures are too low for ectotherm activity, 

4. adding obstructions and complex features to raise 
the cognitive threshold. 

In practice, this typological approach ends up looking 
not dissimilar from the syndrome system it set out to 
replace and improve on. However, Corbet (2006) also 
used it to offer practical suggestions in relation to both 
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Table 20.1 

Typological Groupings of Flowers and Their Visitors 


Flower type 


Examples 

Visitor type 


Allophilous 

Flowers with fully ex¬ 
posed nectar, little or 
no intrafloral tempera¬ 
ture elevation 

Often white 

Most Apiaceae 

Allotropous 

Short-tongued flies, non¬ 
bee hymenopterans, 
and beetles; poorly 
adapted as pollinators, 
broad diet other than 
flowers. Low 7 th , no 
endothermy, small (<30 
mg if hairy, <100 mg if 
not) 

Hemiphilous 

Flowers with 

moderate volumes of 
partly concealed nec¬ 
tar, often cup-shaped, 
with some intrafloral 
temperature elevation 
Often white or yellow 

Some Rosaceae: 

Prunus, Crataegus 
Rubus, Spiraea 

Some Asteraceae: 
Achillea, 
Leucanthemum 

Also Salix, Calluna, 
Ranunculus 

Hemitropous 

Shorter-tongued bees, 
long-tongued flies, most 
lepidopterans; moder¬ 
ately good pollinators. 
Moderate T th . Some ro¬ 
bust, hairy endothermic 
(bees, some syrphids); 
others slender but bask¬ 
ing (empid and syrphid 
flies, some butterflies) 

Euphilous 

Flowers with 
abundant deeply 
concealed nectar 

Often blue, pink, 
purple, yellow 

Some Asteraceae: 
Centaurea, Cirsium 
Taraxacum, Senecio 
Many Fabaceae, 
Lamiaceae, 
Boraginaceae 

Allotropous 

Long-tongued, robust, 
with good insulation, 
high T th and facultative 
endothermy; good polli¬ 
nators. Long-tongued 
bees, sphingid and noc- 
tuid moths, a few 
butterflies 


Source: After Corbet 2006. 


crop pollination and the management of invasive spe¬ 
cies and plant species under threat, in the hope that it 
could provide the baseline information appropriate to 
agricultural and conservation planners (see chapters 
28 and 29). 

Pollination Webs, Networks, and Matrices 

The construction of pollination webs as a means to un¬ 
derstanding interactions follows on naturally from the 
study of ecological food webs in general, and requires 


that all visitors to all plants in a given community are 
recorded and mapped as an interacting weblike struc¬ 
ture (fig. 20.7A) which can then be statistically ana¬ 
lyzed. There has been a new emphasis on such pollina¬ 
tion webs since the late 1980s, tending to stress 
community processes and not individual associations. 
Jordano (1987) produced the first rigorous communi¬ 
ty-level analysis and in consequence suggested that 
pollination webs (or networks, as they are perhaps 
more often termed now) were much more generalized 
than had previously been assumed. Memmott (1999) 
plotted webs for British meadow communities and 
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Restored Meadows 


Meadow 3 

Pollinators 

Plants 

C 



Meadow 4 





Figure 20.7 (A) The basic pollination web con¬ 
cept, with links between visitors and flowers 
shown: circles indicate specialists, and solid 
lines show specialized interactions (redrawn 
from Minckley and Roulston 2006). (B) Webs 
(described as pollinator webs) for four British 
hay meadow sites, with relative abundances 
indicated by the width of the rectangles for 
plants or for pollinators, and interaction 
strength by the line widths; darker lines are 
Hymenoptera (redrawn from Forup and Mem- 
mott 2005). (C) Three parts of the web de¬ 
rived from Robertson's Colorado data; here 
species with black rectangles and lines are 
aliens (redrawn from Memmott and Waser 
2002 ). 


Plants 
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found a highly connected interaction web (fig. 20.7B), 
where there were some specialist insects but with their 
preferred plants also being visited by many generalists 
that connected those plants to the rest of the web. Then 
Memmott and Waser (2002) took the discussion for¬ 
ward by plotting the pollination web for the entire 
Colorado data sets of Robertson used by Waser et al. 
(1996) and mentioned in section 2, Practical Evidence 
against Syndromes. Figure 20.7C shows three parts of 
this, for particular bees, flies, and moths, and it might 
be noted in passing that the flies appear a good deal 
more generalist than the bees, with the moths yet more 
restricted in their visit patterns. 

In essence, the approach here is to record all visi¬ 
tors to all plants in a community, mapping the links 
between them, and then the connectance (C) of the 
web as a whole (the fraction of all possible interac¬ 
tions that actually occurred) can be calculated. As an 
example, the overall connectance of the pollination 
web from Waser et al. (1996) based on the Colorado 
data sets was 3.6%, a figure said by the authors to be 
quite high. However, it is at the lower end of values 
given for other webs (table 20.2; and see Olesen and 
Jordano 2002). Higher C values imply a more robust 
web (Dunne et al. 2002), but in practice connectances 
are of rather limited use for comparisons between 
webs, since their values depend quite heavily on web 
size and on sampling effort (see below). Olesen and 
Jordano (2002) corrected various networks for species 
richness and for network size and found some interest¬ 
ing geographic patterns: connectance values were 
lower at high altitude and lower in the tropics, with 
plants more generalized at higher latitudes and in low¬ 
lands but more specialized on islands. 

Another approach is to calculate the linkage (the 
number of taxa with which a given species interacts), 
a term effectively the same as measures of “phily” or 
“tropy” used for plants and animals respectively in 
earlier literature (cf. Petanidou and Potts 2006). Link¬ 
age increases with network size ( S , the sum of all plant 
and visitor species), so that linkage values for small 
island communities like those Lundgren and Olesen 
(2005) studied are low; more generally, this increase 
with network size follows a power-law relationship. 
From a plotted web the general strengths and impor¬ 
tance of links within the structure can be assessed, and 
in more refined versions the link strength can also be 
factored quantitatively into the analysis (see below; 
Bliithgen et al. 2007). 


Analysis of pollination webs or networks, and use 
of the associated terminology, now dominates signifi¬ 
cant parts of the pollination literature. 

4. Some Problems with Pollination Webs 

Visitation Is not the Same as Pollination 

Flower visitors are not necessarily pollinators. This is 
perhaps the most crucial point, made in the very first 
chapter of this book, and it cannot be stressed too 
strongly: visitation is not the same as pollination , and 
simply scoring visitors to a plant can give grossly mis¬ 
leading results as to the degree of specialization in the 
interaction. It is certainly true that many plants get 
many kinds of visitors, as reviewed above, but the val¬ 
ue of these visits can vary massively; visitors have dif¬ 
ferent relative costs and different relative effective¬ 
ness. Evidence on this point was considered in detail 
in chapter 11, showing that in practice, for many kinds 
of flower with multiple visitors, most of the pollina¬ 
tion may still be due to just one or a few kinds of 
visitor. 

Most pollination web research to date is greatly 
oversimplified in this respect and should be described 
as visitation web research; it rarely takes enough (or 
any) account of the actual behavior and performance 
of different visitors. Put most simply, it is essential to 
look at the quality, not just the quantity, of visits. Most 
of the existing analyses use data based only on occur¬ 
rence of pairwise interactions (which animals visit 
which plants) and rarely even incorporate data on how 
many times a particular animal visits a given plant. 
The Waser et al. (1996) analyses, referred to in Multi¬ 
ple Visitors to a Single Species in section 2, Practical 
Evidence against Syndromes, above, did not distin¬ 
guish visitors from pollinators even though Robert¬ 
son’s database did include information on this. Vazquez 
and Aizen (2006) argued that grossly simplified ap¬ 
proaches based only on visitation are still of value as 
measures of specialization when no better data exist, 
but recognized that this is only because very often no 
better measures of specialization currently do exist at 
a community level. But any attempt to measure S (the 
number of interaction partners recorded) for a species 
or C (connectance) for communities is bound to be in¬ 
adequate unless it also attempts to incorporate some 
reasonable measure of pollinator effectiveness. In fact, 
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Table 20.2 

Connectance and Linkage Values for Some Published Plant-Visitor Webs 



Connectance 

Sources 

Pre 1996 studies 

Japan, mixed forest 

2.0 

} 

Japan, beech forest 

1.9 

} See Olesen and 

Spain, scrub 

8.9 

} Jordano 2002 

US deciduous forest 

28.1 

} 

Venezuela forest 

7.0 

} 

Andes, scrub 

4.3 

Arroyo et al. 1982 

Greece, phrygana 

3.4 

Petanidou and Ellis 1993 

New Zealand grassland 

6.0, 6.6 

Primack 1983 

Canada, tundra 

7.6, 10.4, 19.2 

Hocking 1968; Kevan 1970; 

Conifer forest/grassland, Colorado 

3.6 

Waser et al. 1996 (Robertson 1929) 

Post 1996 studies 

United Kingdom, old hay meadows 

35 

Forup and Memmott 2005a 

Restored hay meadows 

27 

Forup and Memmott 2005a 

Arctic island 

14 

Lundgren and Olesen 2005 

Arctic North Sweden 

8.5 

Elberling and Olesen 1999 

Spain, scrub 

9.1 

} See Olesen and 

Portugal, coastal scrub 

25.0 

} Jordano 2002 

Average values for food webs 

29.4 

Jordano 1987 


Note: Data from before 1996 have been reanalyzed as webs by later authors. 


a reanalysis of the Robertson data set included in the 
review by Fenster et al. (2004) using only probable 
pollinators (and organizing them as functional groups 
rather than single species) reached an exactly opposite 
conclusion to that of Waser’s group, that is, that spe¬ 
cialization was widespread, with about 75% of the 
plants specializing on a single group such as long- 
tongued bees, pollen-gathering bees, or day-flying 
butterflies. 

It is also very clear that quantified visitation data 
are explicitly misleading because the most abundant 
visitors are frequently not the best (or even good) pol¬ 
linators. For example, Olesen (1997) showed that the 
best pollinators of a Texan composite plant, visited by 
ten different taxa, were among the least abundant of 
these. Ollerton (1996) and Johnson and Steiner (2000) 
stressed the same point, emphasizing that selection 
will be effected most strongly by the most important 
(most efficient) visitors, not the commonest visitors. 
Whether we talk in these terms of effectiveness, 
or more rigorously in terms of fitness functions (as 


Gomez and Zamora (2006) require), this point cannot 
be overstated. 


Sampling Effort Affects Outcomes 

The connectance of webs provides some basis for 
comparisons between communities, but there are as¬ 
sociated difficulties, largely related to sampling effort 
and how far (in a taxonomic sense) the web records are 
extended. To achieve a reasonably reliable web in all 
but the simplest communities certainly requires a ma¬ 
jor recording effort covering the whole flowering sea¬ 
son, and over several seasons, since flower visitation 
may vary greatly between years (Herrera 1988; Wil¬ 
liams et al. 2001). Olesen and Jordano (2002) showed 
that connectance decreases (roughly as a negative ex¬ 
ponential) with increasing community size, so that the 
value obtained can be markedly biased by the sampling 
methodology and may be an unreliable indicator of 
specialization. Data from three major studies presented 
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Figure 20.8 The decrease in values of con- 
nectance, C, as the number of months included 
in a web analysis rises, for both Greek and Ar¬ 
gentinian sites. (Modified from Medan et al. 
2006.) 



by Petanidou and Potts (2006) supported that finding 
for Mediterranean sites (see also Medan et al. 2006). 

However, on a more positive note, Nielsen and Bas- 
compte (2007) showed that nestedness (see below) is 
less sensitive to sampling effort, so that some proper¬ 
ties of ecological networks may be more resilient than 
previously thought. 

Spatiotemporal Issues Are Unresolved 

Most of the existing visitor or pollinator webs are cer¬ 
tainly oversimplified, and two key aspects need to be 
explored and compared. 

Spatial Webs 

How large is the community or ecosystem for which a 
web should be constructed? If it is set too large, then 
many species recorded as present within it may not in 
practice overlap spatially at all simply because they 
could not do so. This can only be seriously addressed 
by constructing webs for different spatial scales and 
examining their similarities and differences, an ap¬ 
proach that would be particularly appropriate in a com¬ 
munity dominated by many pollinators with “homes” 
in fixed places around which they forage (most obvi¬ 
ously solitary bees, perhaps). 

Temporal Webs 

Most studies to date have assumed that all partners co¬ 
exist in the ecosystem at the same time and all are ac¬ 


tive in pollen movement at that time. In practice this 
assumption is often simply wrong, with many species 
recorded as present through the study period but not 
temporally overlapping—they are unrecognized for¬ 
bidden links (sensu Jordano et al. 2003). Medan et al. 
(2006) began to address this problem, using periodic 
sampling of an Argentinian xeric forest area (with 
year-long pollinating activity despite a moderately 
seasonal climate) over several seasons and comparing 
the networks recorded on a monthly basis. The compo¬ 
sition of mutualist assemblages, and the network size 
and number of interactions, varied across months by 
more than one order of magnitude. Maximum activity 
in October and April (when many of the woody spe¬ 
cies flowered) was accompanied by maximum asym¬ 
metry of interactions with specialists interacting with 
generalists. Values of C decreased steadily as the num¬ 
ber of months included in the analysis increased (fig. 
20.8), and mean values for a 12-month sample (C = 
7.4%) were roughly three times lower than for sepa¬ 
rate one-month samples (C = 22.4%). In that commu¬ 
nity, mean flowering periods for plant species were 
about five months and mean insect flight periods about 
fourth months. When this kind of analysis was repeat¬ 
ed by Medan’s group for the Greek data set compiled 
by Petanidou (see Petanidou and Ellis 1993; Petanidou 
et al. 1995), for which both flowering and insect activi¬ 
ties (per species) were of much shorter duration (1-2 
months), the decay of C with increased sample size 
was less marked. Medan et al. (2006) therefore con¬ 
cluded that the single values of C usually presented are 
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often very misleading, especially when calculated for 
systems where the study duration greatly exceeded the 
average period of pollination activity for the plants and 
animals it contained. In fact, shorter sampling periods 
may give more meaningful values of C than very long 
and intensive sampling; C values might therefore best 
be calculated as means for separate short-duration 
analyses. 

The time scale in other communities might need to 
be days or weeks rather than whole seasons; in other 
words, we need time-sliced webs within parts of a 
whole season. In certain situations the time scale may 
even have to be diurnal, and there would be merit in 
looking at webs in slices of just 2-3 h per day; an obvi¬ 
ous example would be in communities where key spe¬ 
cies have flowers lasting only one day, and with very 
brief dehiscence periods within that day, as described 
for Acacia species in African savannas (Stone et al. 
1998; and see chapter 21). A specific example of daily 
variation in web structure in this savanna ecosystem is 
shown in plate 37 (from Baldock 2007), which makes 
it very clear that time matters. 

Other attempts to analyze webs temporally have 
begun. Alarcon et al. (2008) showed year-to-year vari¬ 
ation in linkages in a Californian network, while Oles- 
en et al. (2008) introduced a daily time base into an 
arctic network analysis and found linkage changes that 
helped to clarify how heterogeneous distributions of 
interaction numbers could arise. However, Petanidou 
et al. (2008) took a rather opposite approach with a 
long-term temporal analysis comparing four years of 
data, and used this to point out that specialization can 
be overestimated in short-term studies; their work cer¬ 
tainly revealed extensive temporal plasticity in webs, 
with few interactions present in all four annual net¬ 
works (which could also be taken to undermine confi¬ 
dence in conclusions drawn from many other network 
studies). An extended survey with six years of data 
(Dupont et al. 2009) reinforced the conclusion that 
species compositions varied markedly through the 
years, although the structural parameters of the net¬ 
work remained relatively constant. 

5. Refining Web-Based Approaches 

Webs may have various kinds of structure and pattern 
but these are rather difficult to see or analyze. An alter¬ 
native is matrix analysis (reviewed by Jordano et al. 


2006, and see Medan et al. 2007); this is a develop¬ 
ment of the web-based approach but uses two-way 
matrices that are easier to quantify and compare, mak¬ 
ing it easier to calculate structure within the web. Fig¬ 
ure 20.9 clarifies terminology and examples of matri¬ 
ces, from idealized gradient structures (A) where all 
participants are relatively specialized, through com- 
partmented structures (B) with separated zones of spe¬ 
cialization, to nested structures (C) where a few species 
are highly generalized. 

Lewinsohn et al. (2006) took a broad view of struc¬ 
ture in plant-animal interactions and suggested that 
different models should always be probed, as they map 
onto different kinds of evolutionary processes. They 
found that simple nested patterns, generated by differ¬ 
ences in abundance or dispersal of species, gave the 
best fit for plant-pollinator interactions, whereas plant- 
herbivore systems showed more complex structures 
with nested elements within compartments, more typi¬ 
cal of a structure based on coevolutionary processes. 
Ollerton (2006) and Guimares et al. (2007) likewise 
addressed the whole range of mutualistic networks, 
adding in the concept of interaction intimacy, showing 
that more intimate (symbiotic) interactions would tend 
to form species-poor networks with compartments, 
while relatively nonintimate (nonsymbiotic) networks 
(such as pollinator-plant interactions) would be highly 
speciose and nested, with a core of generalists and 
with specialists often interacting with generalists. 

Compartments within Webs 

Compartments in webs imply recognizable subsets of 
interacting plants and animals, giving a blocked struc¬ 
ture (fig. 20.9B) when viewed as a two-dimensional 
matrix. Compartments can be identified within webs 
by informal inspection or by statistical analysis, and in 
this area there has been an increasing interest to try 
and refine the utility of web-based approaches. Dicks 
et al. (2002) studying an English meadow showed in a 
formal manner that compartments were present, and 
they could separate two major groupings as 

1. nectar-rich bee/butterfly flowers and 

2. lower-reward fly (syrphid and brachyceran) 
flowers. 

Others have recognized that compartments could be 
used to compute values of connectance separately for 
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Figure 20.9 Different kinds of web or network and the associated terminology: (A) gradient, (B) compartment, 
(C) nested, and (D) combined, each expressed in different formats. (Redrawn from Lewinsohn et al. 2006.) 
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each part of the web and shown that each compartment 
can have a C value different from that for the web as a 
whole. Medan et al. (2006) attempted this with their 
Argentinian data set, finding higher C values for syr- 
phid flies and lower values for muscoid flies and for 
bees, but with all values higher than for the data set as 
a whole. Using Petanidou’s Greek data set, they identi¬ 
fied compartments both as plant-centered subsets and 
as pollinator-type subsets of the data, and in both cases 
connectance was again higher for the groups alone 
than for the whole system. 

Nestedness Approaches, and Use of Null Models 

Bascompte et al. (2003) and Jordano et al. (2006) pre¬ 
sented analyses of interactions where they found nest¬ 
ed structures, meaning that there is a hierarchy or pro¬ 
gression of included subsets (fig. 20.9C). Nested 
structures imply that plants with few interactions will 
only be interacting with generalist animals, and spe¬ 
cialized species are interacting with a subset of the 
same partners of those that interact with the most gen¬ 
eralized species. It is generally found that plant-polli¬ 
nator mutualisms when analyzed as matrices center 
around a core of generalist species, with a high density 
of interactions, and with rather rare specialist relation¬ 
ships. However, the problems in sampling effort dis¬ 
cussed in the last section apply equally in these cases 
and have not as yet been resolved. 

Continuing the theme of matrix analysis, Vazquez 
and Aizen (2003, 2004, 2006) pointed out that it is dif¬ 
ficult to assess the degree of specialization or general¬ 
ization in any community without having some null 
model with which to compare the data; Bascompte et 
al. (2003) made a similar point for mutualisms more 
generally (and see Fortuna and Bascompte 2006; Me¬ 
dan et al. 2007; and Bascompte 2007 for a critique of 
progress to date). Essentially the starting point for 
these authors was that the existence of a pattern in 
flower visit frequencies per se does not necessarily 
mean that the pattern is unusual or unexpected. Their 
approach generated random data sets that shared key 
characteristics with the recorded data—essentially the 
number of species of plants and pollinators (by which 
they meant visitors, but see below), and the con¬ 
nectance or number of links between the interacting 
species. If the randomized data did not differ signifi¬ 


cantly from the observed data, then no mechanism 
other than random associations (complete generaliza¬ 
tion) needed to be invoked. Vazquez and Aizen (2006) 
assessed both interaction matrices and in a few cases 
interaction frequency matrices, based on 18 different 
published data sets from habitats ranging from subarc¬ 
tic plains to xeric scrub and including boreal and tem¬ 
perate forests (although not tropical forests). They 
used alternative null models with random interactions 
among species and random interactions among indi¬ 
viduals. The first model showed significantly higher 
frequencies of extreme specialists and extreme gener¬ 
alists than would be expected at random (fig. 20.10); 
and when communities were compared in terms of 
their size (diversity) the more diverse communities 
supported an increasingly higher number of extreme 
specialists and generalists than implied by the null 
model. On this basis, even given the limitations of the 
data sets, high species richness appeared to favor the 
evolution of extreme specialization and extreme gen¬ 
eralization. However, the authors also noted that there 
was a positive correlation between the number of in¬ 
dividual visits received by a plant and the number 
of species that made those visits, and when this was 
factored out (by their null model 2) the model fitted the 
observations well; thus simple random interactions 
among individuals, assuming no difference between 
species except in their frequency of interaction, could 
explain the observed patterns. This is similar in prin¬ 
ciple to the frequency of encounter hypothesis used 
previously to explain species interaction patterns for 
herbivores on plants (e.g., Southwood 1961; Strong et 
al. 1984), linking to ideas of plant apparency (Feeny 
1976) and invoking neutrality at the level of the indi¬ 
vidual as in other ecological models (e.g., Hubbell 
2001). 

Vazquez and Aizen (2006) went on to note that in¬ 
teractions were commonly asymmetric, with specialist 
animals often interacting with generalist plants and 
vice versa, and they found that the prevalence of such 
asymmetries increased as web size increased, so that 
larger, more diverse communities had not only more 
extreme specialists and generalists but also more ex¬ 
amples of very asymmetric interactions. But as before 
they found that this could largely be explained away 
when the correlations between species’ interaction fre¬ 
quency and their degree of specialization was factored 
out, in null model 2. In essence, this matches the find- 
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No. of visitor taxa No. of plant taxa visited 




No. of visitor taxa No. of plant taxa visited 

Figure 20.10 Two models comparing the observed and expected (with SE bars) values of s, the number of species of 
interaction partners (~ degree of specialization). Model 1 (above) assumes random interactions among species, and 
Model 2 (below) assumes random interactions among individuals. Model 1 shows more extreme specialists and 
generalists than expected at random; but this effect largely disappears using Model 2. (Redrawn from Vazquez and 
Aizen 2006.) 


ings of Bascompte’s and Jordano’s analyses of nested¬ 
ness, discussed above, where the nested structures 
showed specialized plant species interacting with a 
subset of the same animal partners that visited the 
most generalized species; nestedness inevitably im¬ 
plies high asymmetry levels. 

The correlations between the number of interacting 
partners and the frequency of interactions may rest 
partly on visitor abundance, since rare pollinator spe¬ 
cies will be seen visiting more infrequently than com¬ 
mon visitors. But other factors will also affect the fre¬ 


quency of visits—in effect, all those factors that are 
traditionally viewed as aspects of pollinator syn¬ 
dromes, such as the animal’s floral preferences, mobil¬ 
ity, and food needs, or the plant’s attractiveness and 
rewards. Vazquez and Aizen (2006) grouped together 
all these factors that are acting independently of spe¬ 
cies abundance, in a development of their model, and 
believed them to be relatively unimportant. However, 
they explicitly noted the simplifications inherent in 
their own model: that pollinator visits were indepen¬ 
dent of each other (fairly unlikely at any one time and 
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place), and that sampling efforts were the same for all 
plant and visitor species (often unlikely). 

Fortuna and Bascompte (2006) took the models one 
stage further by comparing different dynamical impli¬ 
cations of network structure, one based on real interac¬ 
tions and two others on random networks. The real 
community models were found to decay sooner than 
random models when subjected to habitat loss, although 
they persisted for higher levels of fragmentation. 

Neutral or random models have recently been chal¬ 
lenged on several fronts. Santamaria and Rodriguez- 
Girones (2007) specifically tested neutral models 
against models incorporating complementary and con¬ 
flicting biological traits and found optimal perfor¬ 
mance with a mixed model, moreover one where de¬ 
terrence of floral enemies was at least as important as 
increasing pollinator efficiency. Likewise, Stang et al. 
(2007) put biological constraints back into a neutral 
model to explain the predominance of asymmetric in¬ 
teractions and found that asymmetry appeared in the 
simulations only if both “nectar holder depth” (usually 
corolla length) and abundance were factored in. They 
concluded that asymmetric specialization was the re¬ 
sult of a morphological size threshold, and only above 
this did random interaction play a major part; and also 
that in lifelike asymmetric webs specialists had greater 
extinction risk than generalists, contradicting earlier 
web-based findings. Bliithgen et al. (2007) used a 
somewhat different analytical approach based on in¬ 
formation theory, which takes interaction strength into 
account more explicitly, and found most of the net¬ 
works they tested to be highly structured and nonran¬ 
dom, with pollination webs significantly more special¬ 
ized than seed-dispersal webs but not quite as 
specialized as ant-myrmecophyte interactions (fig. 
20.11), and with rarely visited plants more specialized 
than frequently visited plants. 

Accounting for the Visitor-Pollinator Problem 

Short of really measuring pollination effectiveness, 
discussed in chapter 11, are there ways around this 
problem? Some authors have sought a way out by 
making assumptions about which visitors are going to 
be pollinators. One example is given by Petanidou and 
Potts (2006), who reported that they included only 
visitors that “contacted any part of a flower’s repro¬ 
ductive organs”; but this is in practice nearly impossi¬ 


ble to achieve in the field during transect surveys (and 
I was part of one of the study teams cited!). A second 
example comes from Memmott et al. (2004), who sim¬ 
ply estimated that 80% of all visitors are effective pol¬ 
linators, a figure that has been taken up by others (e.g., 
Vazquez and Aizen 2006). But the variance in effec¬ 
tiveness between visitors is bound to depend on the 
floral type; in open-bowl flowers pollinator placement 
and behavior is rarely crucial, whereas in tubular zy- 
gomorphic flowers it can be critical, and many visitors 
are likely to be ineffective pollinators. The correction 
value needed will vary with plant species and probably 
across communities; trying to get around the problem 
by using a standard (guessed at) value for the visitor/ 
pollinator ratio is therefore inherently inappropriate. 

Sahli and Conner (2006) tried another approach us¬ 
ing Simpson’s diversity index to estimate pollinator 
generalization across 17 species, as this feeds both 
richness and evenness into an estimate of “importance”; 
they found that pollinator richness explained only 
about 60% of the variation in diversity, indicating that 
importance was more affected by visit rate than by ef¬ 
fectiveness. The same authors (2007) gave the most 
comprehensive survey to date of comparative pollina¬ 
tor effectiveness on a fairly generalist plant, using 15 
genera visiting Raphanus. Single-visit pollen removal 
or seed set varied markedly, as did visitation rate, and 
the authors again concluded that in this species polli¬ 
nator importance was most affected by visitation rate. 
This may well be the case for many more generalist 
plants (see also Engel and Irwin 2003). However, it 
might be expected that pollen deposition would be the 
more critical variable in more architecturally complex 
and/or more specialized flowers, and the authors 
stressed that effectiveness measures were still needed. 
As an example of the problems involved here, Ivey et 
al. (2003) suggested that, of all the factors they mea¬ 
sured, time-dependent foraging behaviors were par¬ 
ticularly important in determining forager effective¬ 
ness on a milkweed. 

Some authors (e.g., Aigner 2001, 2006), have ar¬ 
gued that minor (less abundant and/or less effective) 
pollinators can sometimes exert greater selective ef¬ 
fects on flowers, so that “effectiveness” can be mis¬ 
leading. One of the best studied of all flowers, Ipomop- 
sis aggregata , may appear to be a good example here, 
since Mayfield et al. (2001) found that long-tongued 
bumblebees deposited three times as much pollen per 
visit as the hummingbirds that are far commoner and 
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apply to the findings of Motten et al. (1981) with Clay- 
tonia, Dieringer (1992) with Agalinis, and Vaughton 
(1992) with Banksia. Similarities of effectiveness may 
be especially likely where only one or a few pollen 
grains are required to fertilize one or a few ovules; but, 
as the earlier cited studies testify, such cases are likely 
to be the exception rather than the rule. 

Morris (2003) attempted to build estimates of pol¬ 
lination effectiveness (variously using pollen removal 
or deposition, fruit set, or seed set as his measure) into 
analyses of possible effects of pollinator losses, using 
published data from 24 plant species. He found poor 
correlations between effectiveness and visit frequency 
and then (by testing effects of deleting species from 
the web models) concluded that visit frequency was in 
fact more crucial than effectiveness, so that frequent 
visitors with least between-year variability were much 
the most important regardless of their per visit effec¬ 
tiveness (see fig. 20.12). 

Vazquez et al. (2005) specifically asserted that visit 
frequency was an acceptable surrogate for the total ef¬ 
fects, since variation in frequency “overwhelms per 
visit effectiveness,” and the mathematical modelling in 
their meta-analysis showed that interaction frequency 
I and total effect T were strongly positively correlated. 
However, Pellmyr and Thompson (1996) found rela¬ 
tively little effect of visit frequency or of pollen car¬ 
ryover, compared with single-visit effectiveness, in 
their work with Lithophragma when visited by bees, 
bee-flies, and moths, and many others have reported 
similar practical findings. 

Forup and Memmott (2005a) complemented visita¬ 
tion webs with separate webs constructed in terms of 
pollen transport, derived from species of pollen grains 
recorded on particular insects active in their hay mead¬ 
ows. They found that bees were responsible for a high¬ 
er proportion of the (potential) pollen transport than of 
the visits, rather as expected, and that generalization 
(here defined as carrying more than one kind of pol¬ 
len) was greater than in the simple visitation webs. 
Gibson et al. (2006) also combined visitation webs 
with pollen transport webs in considering the pollina¬ 
tion of three rare arable weeds, to predict which in¬ 
sects were key pollinators and which other plants they 
relied on. Lopezaraiza-Mikel et al. (2007) did the 
same, in examining the effects of an introduced alien 
(Impatiens glandulifera) on a native pollinator com¬ 
munity; perhaps not surprisingly, they found that the 
visitor web would be a poor guide to pollination for 


the natives, as the pollen transport network was domi¬ 
nated by the invasive plant’s pollen. In all these cases, 
the authors explicitly recognized that their data im¬ 
proved on simple visitation webs but that the ideal ap¬ 
proach would be a “real” pollination web. 

Where Are We with Webs or Networks? 

Despite all the problem areas identified above (or per¬ 
haps because of them), general patterns seem to emerge 
from studies of pollination webs. Most of the results 
from web builders, with added matrix analysis and 
null models, have indicated that the frequency distri¬ 
bution of the numbers of links per plant or animal ap¬ 
pears to decay according to a power law or a truncated 
power law, or sometimes with a faster exponential 
course. They also indicated that specialization in plant- 
pollinator interactions was, or was expected to be, less 
common than previously assumed, but that 

1. in more diverse communities there could be a 
rather high occurrence of extreme specialists and 
extreme generalists, and 

2. the specializations of plants and visitors were of¬ 
ten not reciprocal, with a strong component of 
asymmetric interactions. 

Vazquez and Aizen (2006) concluded that these inher¬ 
ent structural features could be accounted for by sim¬ 
ple community processes and did not need a mecha¬ 
nistic explanation. They especially drew attention to 
the effects of species richness, differences among spe¬ 
cies, and the frequencies of interactions, and down¬ 
played assumptions based on coadaptedness or coevo¬ 
lution. But the most recent network analyses have 
tended to put mechanistic coevolutionary aspects back 
into the picture, and the more they do so the better the 
fit to reality appears to be. A fine example of this is 
given by Stang et al. (2009), who inserted the match 
between proboscis lengths and flower depths, and the 
distributions of both these size parameters, into a 
Spanish plant-“pollinator” web, and found that they 
got a markedly better fit to the models and a better 
understanding of the interaction patterns. Those famil¬ 
iar with pollination syndromes will not be surprised 
by this. 

There are now sufficient documented pollination 
networks that Olesen et al. (2007) could produce a 
meta-analysis of these, using 51 different published 
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Figure 20.12 The effects of deleting species from constructed webs: (A) the principle, where random deletions (1) 
give a linearly declining service, or (2) where the earliest deletions are relatively nonessential (buffered pollination 
services) or (3) are most essential; (B) shows four examples, where solid lines are deletions made in order of increas¬ 
ing visit frequency and dotted lines are deletions made in order of per visit effectiveness, taken as meaning that visit 
frequency is more crucial than effectiveness. (Redrawn from Morris 2003.) 


examples. Employing even newer analytical models, 
they found a prevalence of modularity, with weakly 
linked modules each of which contained strongly 
linked species within it that shared convergent traits 
(which sounds familiar!). They also reported that only 
about 15% of species were particularly important in 
most networks, often acting as hubs within modules or 
connectors between modules, such that their removal 


could cause a network to fragment and initiate extinc¬ 
tion cascades; these species would be especially im¬ 
portant for conservation purposes. That is certainly a 
more realistic and helpful message than some earlier 
conclusions from network research. Aizen et al. (2008) 
also compared multiple networks, from forests and is¬ 
lands, to assess the effects of invasive aliens and found 
weaker mutualisms in the highly invaded networks 
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with supergeneralist aliens taking over more of the 
links. Further analyses by Valdovinos et al. (2009) 
showed that well-established aliens could help net¬ 
works to persist and stabilize. 

However, it remains the case that so-called “polli¬ 
nation network” research to date is oversimplified at 
the most crucial level of the data it uses, and this un¬ 
derlines once again the gap between pollination ecolo¬ 
gists and ecological modelers. That gap is only just 
starting to be bridged by incorporation of estimates of 
pollination efficiency into network analyses. 

6. Specialization and Generalization: 
Core Issues 

In many ways the relative importance of specialization 
and generalization has become the key question in 
modern pollination ecology, and it has been the focus 
of the most recent symposia and publications, notably 
a multiauthored book edited by Waser and Ollerton 
(2006). Many of the key arguments in that book are 
similar to those presented above. Of course specializa¬ 
tion and generalization are extremes of an ecological 
continuum (Futuyma 2001), and all disagreements 
must be seen in this light, most plants and most polli¬ 
nators probably falling somewhere in the middle; ar¬ 
guments are largely about the shape of this continuum 
and where the most common outcome lies. At the spe¬ 
cies level this could be measured as a value of S (the 
number of interaction partners recorded), while at the 
community level it could be measured as connectance 
C, as defined above; although in both cases with the 
proviso that the interactions used must be recorded 
with appropriate spatiotemporal discrimination and 
must be pollination events and not just visitations. 

Defining the Terms 

As various authors have pointed out (Renner 1998, 
2006; Armbruster et al. 2000; Vazquez and Simberloff 
2003; Minckley and Roulston 2006; Ollerton et al. 
2007), the definition of the terms generalist and spe¬ 
cialist is inherently open to confusion. There are sev¬ 
eral particular but interacting problems here: 

1. Generalization and specialization as ecological 
terms usually involve factors such as niche breadth, in 


effect the number of resource items used by the organ¬ 
ism being classified. But for a mutualism this can be 
viewed from the perspective of either participant, and 
for pollination that means either the plant or the visi¬ 
tor. A bee that visits many flower species is termed a 
generalist, while one of the flowers at which it forages 
may receive few or no other visitors and be termed a 
specialist. 

2. Generalization and specialization refer both to 
the participants in an interaction (as in point 1) and to 
the interaction itself. Thus, for example, a bee visitor 
may become labeled as a specialist after observation 
of its foraging behavior, and its interaction with a giv¬ 
en flower may also be described as specialist. Arm¬ 
bruster et al. (2000) distinguished these two approach¬ 
es as evolutionary specialization (a process) and 
ecological specialization (a state), pointing out that 
the latter is relatively easily measured (at least in prin¬ 
ciple) while the process, especially that of evolution 
toward floral specialization, is more difficult to ad¬ 
dress. Other authors have used the term functional spe¬ 
cialization as similar to ecological specialization, and 
Dalsgaard et al. (2008) devised a parameter that mea¬ 
sures this. 

3. The characterization of an interaction or of its 
participants may vary in time and space. Thus in prac¬ 
tice the specialist bee referred to in (2) could be de¬ 
scribed as a generalist in another place or time, or in 
relation to the flowers of another plant species. Indeed, 
a bee may be completely specialist on one trip or 
through one day but generalist over its lifetime. And 
for social bees this problem is compounded, with indi¬ 
viduals being more or less specialist through time but 
the colony appearing generalist at all times. 

4. Even more confusingly, flowers can be described 
as specialist a priori largely by their morphology, 
scent, color, etc., following the syndromes approach, 
and this may or may not be confirmed by recording 
their visitors. Ollerton described this as phenotypic 
specialization (Ollerton et al. 2006, 2007), distinguish¬ 
ing it from both of Armbruster’s ecological and evolu¬ 
tionary specializations in (2) above. 

5. A practical problem arises where numbers of 
species visiting a plant are used to characterize plant 
specialization; Herrera (2005b) pointed out that when 
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relative abundances of each are included in an analy¬ 
sis, a diagnosis of generalization may turn out to be 
illusory. So we always need more than just species 
lists and must also record their abundance (and, as 
pointed out in chapter 20, section 3, Ecological Mod¬ 
els of Specialization and Generalization, above, their 
visit quality). 

6. There are issues concerning absolute specializa¬ 
tion and relative specialization', plants in isolated small 
communities may be characterized as specialist just 
because there are few potential pollinators around, or 
taking a more absolute viewpoint they may be termed 
generalist because they use a high proportion of all the 
possible pollinators available to them. 

7. There are also problems of fundamental special¬ 
ization and realized specialization, in the same way 
that there are problems of fundamental and realized or 
achieved niche breadth for any organism. Fundamen¬ 
tal specialization refers to all the potentially beneficial 
interactions for an organism in all possible ecological 
conditions (Vazquez and Aizen 2006), whereas real¬ 
ized specialization is the actual specialization recorded 
in a particular ecological context. In practice it is gen¬ 
erally the latter that is used, but some authors impute 
aspects of fundamental specialization to their argu¬ 
ments as well. 

All of these terms could be recast in the context of 
generalization rather than specialization, and to clarify 
that point the relations between some of the resultant 
terms are shown pictorially in figure 20.13. 

Given all these problems with the terminology, 
some have argued that the term “specialist” should be 
descriptive only of flowers and of flower visitors rather 
than of interactions, and more precisely should mean 

1. a flower species successfully pollinated by one or 
a few animal species (Renner and Feil 1993; 
Armbruster and Baldwin 1998; Armbruster et al. 

2000; Fleming et al. 2001), or 

2. an animal that harvests its resources from a 
narrow range of flowers. 

This approach (albeit hampered by controversy about 
interpretations of “a few” or of “narrow”) in turn 
means that generalization at the level of interactions 
can potentially still involve specialized flowers, or 
specialized visitors, or both. Taking this line, it is not 
possible to extrapolate from flower specialization to 


visitor or pollinator specialization (Renner 1998; Arm¬ 
bruster et al. 2000; and see Waser and Ollerton 2006). 


Measuring Specialization, and Some 
Alternative Terms 

In effect, most of the preceding discussions have in¬ 
volved ways of measuring specialization, above and 
beyond the efforts put into recording visits and record¬ 
ing visitors. 

Petanidou and Potts (2006) argue that the term 
“specialization” had become unhelpful and should be 
replaced by the term “selectivity,” designed to take 
into account the temporal variation within ecosystems. 
Selectivity ( S ) is in effect “relative tropy” for animals; 
the ratio of ( E-T)/T , where E is the total number of 
plants that an animal could encounter and T the num¬ 
ber that it actually interacts with, giving a value be¬ 
tween 0 and 1. Exactly similar calculations can yield 
values of “relative phily” for plants. Some examples 
of the use of this parameter are considered in chapter 
27, as these authors studied mainly Mediterranean 
systems. 

In the same volume, Medan et al. (2006) used their 
temporally subdivided webs and their compartmen- 
tally divided webs to argue for a slightly different revi¬ 
sion of terminology for web-based analyses (though 
this generates a slight anxiety; when adherents of a 
field feel the need to constantly revise exactly what 
they are measuring, then something may be amiss with 
the basic concepts). They proposed a resource usage 
index (RU), the ratio of effectively used mutualists to 
all available mutualists; specialists would have a value 
approaching 0 and supergeneralists a value close to 1. 
However, species with the same RU could still differ 
greatly in specialization; one species might visit 5 of 
the 20 available partners with equal frequency, while 
another might use the same 5 but concentrate strongly 
on just 1 in terms of visit frequency. Hence Medan et 
al. then had to apply an evenness function ( E ) to their 
RU parameter, and multiplied RU and E to get a single 
generalization score G, again ranging from 0 to 1. G is 
scale independent, while S and C are not. For their Ar¬ 
gentinian data set, G and S were weakly correlated 
overall. The two components can be plotted against 
each other (fig. 20.14A); data points to the lower left 
are strongly specialist, and those to the upper right are 
supergeneralists. For three of the four seasons, the 
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Figure 20.13 An approximate comparison of different types of generalization; the arrows could be seen as the pro¬ 
cesses of evolutionary specialization, whereas the boxes represent states. The floral phenotype and the community 
context act as filters. The apparent, fundamental, and realized specialization boxes reduce in size as these filters act. 
(Modified from ideas in Ollerton et al. 2007.) 
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Figure 20.14 (A) A plot of generalization G score 
component against the selectivity S value, for plant- 
pollinator mutualists in an Argentinian system, where 
most species appear rather specialist (see text); and 
(B) a plot of G values through time, for four of the con¬ 
tributing species, showing marked variation through the 
year. (Modified from Medan et al. 2006.) 
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only marked variation they found was in the RU score: 
but in spring, values of evenness also varied, especially 
for animals. Following this up, they found that indi¬ 
vidual species varied in their generalist behavior across 
time (fig. 20.14B). For example, the shrub Colletia 
was relatively specialized at the start and end of its 
flowering period but became highly generalist during 
its peak flowering, when it could be characterized as a 
cornucopia plant (see chapter 21). A syrphid fly Pal- 
pada was fairly specialist at all times, with no more 
than three flower hosts at any one recording period. 
Interestingly, the introduced honeybee Apis, often la¬ 
beled a supergeneralist, was in fact moderately spe¬ 
cialist to moderately generalist in different months, 
but never highly generalized in its visiting, with a 
maximum of eight simultaneous hosts, so that its nor¬ 
mal label could be seen as an artifact of summing all 
its hosts across time. 


Why Might Generalization Be Common? 

A simple answer might be, because it is usually better 
for the animals. In theory it should usually pay an ani¬ 
mal to be a generalist, visiting any flower it meets that 
offers it a profit; it could easily include several plant 
species in its trips (especially if they have fairly simi¬ 
lar floral structure so as to avoid the disruption of 
short-term learning of different handling). Hence the 
argument from the animal’s point of view would be 
against the occurrence of too much specialization and 
in favor of at least moderate levels of generalization. 

How then can generalization persist in plants, de¬ 
spite the very clear ability of visitors to choose be¬ 
tween plant phenotypes? Gomez and Zamora (2006) 
suggested that generalization in itself becomes an 
adaptive strategy, where pollinators are strong agents 
of selection but have similar effectiveness, similar 
flower preferences, etc., and thus act together to gener¬ 
ate floral adaptations. These authors suggested a need 
to distinguish between two phenomena. There is non- 
cidaptive generalization, where spatiotemporal vari¬ 
ability may mean that the selective regimes fluctuate 
through time and space, or where extrinsic factors 
throughout the plant’s life cycle override selection 
imposed by flower visitors; and there is adaptive gen¬ 
eralization, where different types of visitor impose 
similar selective effects on floral traits. Gomez et al. 
(2007) used Erysimum flowers as an example of a 


plant that has generalized flowers, visited by more 
than 100 species of insects, but where the degree of 
generalization differs between local and regional pop¬ 
ulations, the plants with intermediate generalization 
getting the best seed set. They suggested that there is 
an optimum level of generalization for any given gen¬ 
eralized plant species. 

Why Might Specialization Be Common? 

Again, in simple terms, specialization is usually better 
for the plants. In theory, and in an ideal world, it 
should pay a plant to be a specialist, with one obligate 
visitor (i.e., with complete fidelity to one species) so 
that it only ever gets conspecific pollen deposited. For 
a plant, selection should be expected to favor charac¬ 
ters that increase visitor efficiency, increase visitor 
fidelity and specialization, and avoid visitation by 
poor or parasitic visitors. Hence so many of the com¬ 
plex visual and olfactory cues—the attractants that 
bring in visitors—would be worth investing in heavily. 
Once the visitor is on the flower, selection should oc¬ 
cur for traits that make rewards less accessible to all 
but the target visitor (nectar spurs, corolla barrier hairs, 
nectar lids, or partial/sequential dehiscence, etc.). Tak¬ 
en to extremes, a plant might evolve a complex physi¬ 
cal path that a visiting animal must follow, to ensure 
correct pollen pickup and (in another place) deposi¬ 
tion, with minimum profitable reward dispensed at the 
end of this path (i.e., the situation found in many 
orchids). 

Following from the above, it is equally evident that 
there must be some reasonable level of specificity in 
flower visitation, or a plant would almost never get ef¬ 
fective pollination. In other words, a degree of flower 
constancy by visitors has to occur, as discussed in 
chapter 11 and documented in chapters 12-18. 

Theoretical considerations again would predict 
that a plant should be most likely to specialize in par¬ 
ticular circumstances (see Waser et al. 1996, and many 
others): 

1. Whenever pollinator availability, abundance, and 
behavior are reliable (but not when the pollinators 
are unpredictable from year to year) 

2. When the plants are long lived and/or capable of 
vegetative reproduction if pollination fails, so they 
can afford to “risk it” as specialists 
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3. When the plants are rare or highly dispersed, so 
that specialization on high-fidelity pollinators will 
avoid the stigmas getting clogged up with useless 
pollen. 

Conversely, annuals and weedy plants, colonizing un¬ 
predictable habitats with uncertain pollinator avail¬ 
ability, should normally benefit from generalization. 
The same might be true for monoecious plants, where 
the risk of geitonogamy from too many small general¬ 
ist visitors needs to be avoided. 


How Much Specialization Does Occur? 

This is the core question, and it cannot really be an¬ 
swered; the discussion here is confined to noting some 
trends and some examples to bear in mind. Most obvi¬ 
ously, the number of plant species visited by any one 
animal visitor varies greatly. Some taxonomic groups 
are just very unfussy (e.g., many kinds of flies and 
beetles, although in both orders there are also examples 
of highly particular flower visitors). At the other ex¬ 
treme are the cases of specialization in fig wasps, which 
only ever visit fig flowers, and (at least in theory—but 
see chapter 26) only one species of fig each. 

From the perspective of flower-visiting animals, 
examples of fairly extreme specialization are not too 
hard to find. Some solitary bees are highly specialist 
(Wcislo and Cane 1996), a good example being the 
genus Macropis in Europe, mentioned in chapter 18 
along with many other cases of specialist solitary bees. 
Some visitors are quite generalist globally but highly 
specialized locally; for example, across an almost 
worldwide distribution the butterfly Pyrameis carduii 
visits a wide range of plants with concealed nectar, but 
within any one population its visitation is highly spe¬ 
cialized. Migratory species (hummingbirds, butter¬ 
flies) switch spatially and temporally as they move 
across their range but again are specialist locally; and 
we met in chapter 11 the case of a plant ( Passiflora 
mixta) dependent on a single hummingbird species. 
Most of the long-lived vertebrate pollinators may visit 
a whole range of plants through an entire year but may 
be specialists visiting just one or a few species at any 
one time and switching temporally through their life 
cycle as flowering succession occurs (fig. 15.8 showed 
a hummingbird example). Solitary bees may be quite 
generalist at a species level in a particular locality but 


rather specialist at the individual level. Social bees are 
generalist at the colony level but can be quite specialist 
at an individual level; the group may have a wide range 
of potential flower usage but any one bee will concen¬ 
trate on one species at one time. 

Minckley and Roulston (2006) offered a different 
perspective on animal specialization, however. They 
pointed out that most bees described as oligolectic (see 
chapters 7 and 18, and Cane and Stipes 2006) usually 
visit rather generalist plant types with good rewards, 
whereas more generalist bees tend to favor seemingly 
specialized low-reward plants. This again introduces an 
asymmetry into the concept of specialization (see also 
Jordano et al. 2006, Vazquez and Aizen 2004, 2006). 

Examples of plant specialization are also readily 
available. The violet Viola cazorlensis is visited and 
pollinated only by the hawkmoth Macroglossum stel- 
latarum (Herrera 1993), and different Passiflora spe¬ 
cies only by Xylocopa bees, or bats, or hummingbirds 
(and often only by one or two species of these visitors 
in each case). Many of the deceptive orchids are only 
pollinated by single species of bee, wasp, or fly (chap¬ 
ter 23). Most euglossine bees visit only a very few spe¬ 
cies of orchid, and many oil-collecting bees have high¬ 
ly specialized relations with particular plants (chapter 
9), while some cucurbits are visited by a very narrow 
range of bees (see chapter 28 on crop pollination). 

Olesen et al. (2007) concentrated on the morpho¬ 
logical aspects of generalization and specialization in 
flowers with their large-scale meta-analysis of floral 
“openness” (using the Faegri and van der Pijl group¬ 
ings where open flowers were dish, bell, and brush 
types, closed flowers were gullets, flags, and tubes; al¬ 
though the ascription of openness to each class was 
admittedly ill defined and potentially misleading). 
With over 1400 species of plants, they calculated a 
flower visitor generalization level (L) as the number of 
visiting animal species at a given site, and a relative 
value ( UA ) as the proportion of the total visiting fauna 
at a given site that visited a given species. Neither L 
nor UA was well correlated with the degree of open¬ 
ness of different blossom classes, although the authors 
allowed that correlation between UA and openness is 
more likely within a blossom class anyway. It is note¬ 
worthy (and predictable!) that six out of their ten most 
generalized plants were in the dish-bowl category (and 
nine out of ten of the relatively most generalized); and 
figure 20.15 shows a key finding that the frequency 
distribution of L was heavily skewed to the left (20% of 
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Figure 20.15 The frequency distribution of L values (number of links 
recorded per plant species, ~ generalization level) across a wide range 
of species, showing a strong skew to the left. (Redrawn from Olesen, 
Bascompte et al. 2007.) 


all plants with L = 1, 11 % with L — 2, a total of 46% 
with L < 5). Somewhat similar findings were reported 
in large-scale reviews by McCall and Primack (1992) 
and Fenster et al. (2004). Ramirez (2003) found a good 
relationship between blossom class and number of visi¬ 
tors; flags and gullets had just 1.1 and 1.2 types of “vis¬ 
itor,” with dish, bell, and brush types having 1.6-2.0 
types. Just how valuable any of these large-scale analy¬ 
ses are is somewhat open to doubt, as they admit sweep¬ 
ing generalizations about openness of flower types and 
lack any phylogenetic corrections; but it is interesting 
that they can come to such different conclusions. 

It is appropriate here, once again, to refer back to 
the section in chapter 11 that documented existing data 
on pollination effectiveness of different animals oper¬ 
ating on the same plants, and how often what appeared 
to be a generalist would in fact be rather specialized 
when recorded in terms of pollination rather than mere 
visitation. 


Constraints on Specialization 

In practice, the vast majority of plants are pollinated 
by more than one animal species, and often by two or 
more “kinds” of animal, so there must be ecological or 
genetic constraints that tend to limit specialization. 
There may be two main and obvious constraints 
operating. 

Plant Abundance 

Where a plant is common within a particular land¬ 
scape, and the floral community is not particularly di¬ 


verse, it may be more appropriate to be generalist. On 
the other hand, in species-rich communities it might 
be better for a plant to try and exploit visitor constan¬ 
cy, especially that of bees, and selection will then be 
for the variations of flower morphology, color, and 
scent that achieve this. Hence simpler plant communi¬ 
ties are often dominated by Asteraceae and Apiaceae, 
and both of these can be seen as secondarily generalist 
families (see chapter 2). Where individuals of a plant 
are rare in general, or are widely scattered within a 
complex and diverse community, we tend to find flow¬ 
ers differentiated to ensure precise pollen carryover to 
a conspecific, as exemplified by orchids and asclepi- 
ads with aggregated precisely placed pollen; these in¬ 
crease in frequency in such communities, and bee 
flowers in general also tend to increase. 

Pollinator Availability 

Varied availability could be due to both the spatiotem- 
poral unpredictability of pollinators and qualitative 
and/or quantitative differences in their effectiveness. 
Populations of any one kind of visitor may be very 
variable from year to year and between quite small ad¬ 
jacent areas, so that most plants have to hedge their 
bets by staying sufficiently attractive to at least two 
potential visitors in hope that at least one of them will 
be abundant enough at any one time and place. Insects 
are notoriously variable in number in space and time, 
particularly lepidopterans but also bees; they are af¬ 
fected by local extinctions, climate, migrations, etc. 
For example, bumblebees can vary at least tenfold, and 
sometimes up to 100-fold between seasons (e.g.. Bom- 
bus lapidarius in Scotland (Willmer et al. 1994); B. 
terrestris in Israel (Dafni and Shmida 1996)). Even in 
the tropics insect populations can vary markedly (Wol- 
da 1983; Roubik 1989). Hence different pollinators 
may be of differential importance in different years, 
the variation being stochastic, and this is often missed 
in short-term studies. But the effects are very real. For 
example, Aquilegia caerulea plants growing in the 
Rockies (Miller 1981) can be pollinated by bumble¬ 
bees and by a hawkmoth ( Hyles ), these animals having 
different innate color preferences and hugely varying 
populations between years. The flowers are dimorphic 
for color, and seed set of each morph varies in relation 
to the relative abundances of the potential visiting pol¬ 
len vectors. So over time the plant does better to main¬ 
tain both morphs. A similar story can be seen for Calo- 
chortus in California, with different rather generalist 
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visitors in different parts of its range (Dilley et al. 
2000); or for lavender in southern Europe, where there 
are large differences between years in the visitor spec¬ 
trum (Herrera 1988). 

Varied pollinator availability requires the plant- 
pollinator interaction to be flexible. In effect, selection 
may vary in direction over quite short timespans, and 
many plants cannot afford to get too specialized. Fon¬ 
taine et al. (2008) pointed out that at high pollinator 
density an increased diet breadth (greater generaliza¬ 
tion) should be predicted from optimal foraging theory 
and demonstrated this effect with foraging bumble¬ 
bees; so in this sense specialization is indeed a flexible 
trait influenced by competitive effects. 

It is not surprising, then, that typically bee-pollinat¬ 
ed plants can often also be pollinated by flies or by 
butterflies. Typical bird flowers may also be visited and 
pollinated by bees (as often noted for Ipomopsis), and 
sometimes by moths; and some of them may therefore 
show a mixed pollination syndrome. A rather exreme 
example is Disterigma , an ericaceous plant with short 
white corollas but copious nectar, preferentially at¬ 
tracting hummingbirds but also benefiting from small 
bee visitors and able to self-pollinate as a last resort 
(Navarro et al. 2007). Interchanges even between wind 
and insect pollination are possible, as seen in plantains 
and in some sallows/willows (see chapter 19). 

On balance this probably means that most commu¬ 
nities do tend to include a good many plants that would 
be scored as generalist, although this may be some¬ 
what less true of long-term stable habitats, including 
tropical forests and some Mediterranean zones. “Gen¬ 
eralist” is of course being used here in a rather differ¬ 
ent sense from the generalist flower syndrome dis¬ 
cussed in this chapter and in chapter 12. And the 
presence of many generalists is not quite the same 
thing as generalization being the dominant phenome¬ 
non in pollination ecology. 

7. Selection for Specialization in 
Flower-Pollinator Interactions 

We still know surprisingly little about selection in pol¬ 
lination ecology; these issues have only really been 
studied in the last few years with suitable techniques 
available to give quantitative answers. We addressed 
this theme briefly in chapter 11, but it becomes essen¬ 
tial to the debate pursued in this chapter. 


Selection on Floral Traits 
Effects of Specific Pollinators 

Inevitably the best-known examples are derived from 
annual plants because these are easier to study over 
many generations. Primary case studies have been Ipo¬ 
mopsis aggregatci in the field (with red tubular flowers 
mainly visited by hummingbirds) and Raphanus 
raphanistrum in the laboratory (with flat open flowers 
visited by various smaller insects, and usefully poly¬ 
morphic for flower color). Ipomopsis shows pheno¬ 
typic selection for long tubes with large diameter, for 
large nectar volume, and for an extended stigma set 
well apart from the stamens (Campbell et al. 1991), all 
consistent with efficient visitation and pollination by 
birds. For Raphanus the visitation effectiveness has 
been measured for many groups (butterflies, syrphids, 
Apis, small solitary bees) as pollen removal per visit 
(Conner et al. 1995), and effectiveness has been shown 
to be strongly related to anther exsertion for some taxa 
but not for others. Conner and Rush (1996) also found 
that large corolla size favored some Raphanus visitors 
but had little or no effect on others; and Fee and Snow 
(1998) found that Raphanus color preferences differed 
between flies and bumblebees. For this plant, selection 
pressures will presumably depend on the balance of 
visitors at any one time and place, and this will mili¬ 
tate against specialization. 

For a broader spectrum of plants the easiest aspect 
to analyze for any given species might be selection for 
increasing flower size. There are several cases reported 
where increased corolla size does enhance the efficien¬ 
cy of some visitors, but usually with little or no evi¬ 
dence that there is an efficiency cost for other visitor 
taxa; for example, Galen’s work with Polemonium 
(Galen and Newport 1987; Galen 1989; Galen and 
Stanton 1989), or the Conner and Rush study of 
Raphanus mentioned above. Fenster (1991c) proposed 
corolla length (depth) as a better single measure, since 
greater length should be accompanied by a decreased 
range of visitors that would tend to be more specialist 
and effective pollinators. Hence the strength of selec¬ 
tion should be greater where the tube is longer. He pre¬ 
dicted that variance in corolla depth would be nega¬ 
tively correlated with mean corolla depth, and this was 
supported by his own work on ten hummingbird plants. 
But Herrera (1996) found less convincing relation¬ 
ships for insect-pollinated plants, with data for 58 spe¬ 
cies in southern Spain. He showed that longer-corolla 
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species did have a narrower visitor spectrum (>20 mm, 
n = 1-1; <20 mm, n up to 90), but the coefficients of 
variation were usually only 10%-25%, with no signifi¬ 
cant relation between corolla length and variance, 
with or without the employment of phylogenetic 
comparisons. 

Selection has also often been analyzed with hy¬ 
brids, derived from plant species that use different pol¬ 
linators. Early studies by Grant (1949, 1952) with two 
Aquilegia species were typical examples: he suggested 
that pollinators were agents of selection for floral form 
and also for reproductive isolation. Thus A. formosa 
with pendant red and yellow flowers and short nectar 
spurs attracts hummingbirds, while A. pubescens with 
erect pale yellow flowers and long spurs attracts hawk- 
moths; although these species are interfertile, in a 
natural overlap zone they persist because of visitor fi¬ 
delity (although occasional hybridizations occur due 
to bees that will occasionally visit both species). Ful¬ 
ton and Hodges (1999) tested the basis of pollinator 
preference experimentally in this same system, finding 
that hawkmoths strongly preferred upright A. pubes¬ 
cens flowers over artificially inverted flowers. 

A classic study by Schemske and Bradshaw (1999) 
also used hybrids to show disruptive selection on floral 
traits from different pollinator types, this time with 
Mimulus, where different species rely on different vec¬ 
tors: M. lewisii is mainly bumblebee visited and M. 
cardinalis is mainly attractive to hummingbirds. The 
species are interfertile, and they overlap and hybridize 
in parts of the Sierra Nevada. QTL mapping on an ar¬ 
ray of F2 hybrid offspring showed simple one-gene 
inheritance patterns for 9 out of 12 key traits, explain¬ 
ing more than 25% of the phenotype variation. This 
also fitted with visitor behavior (fig. 20.16), as both 
bees and hummingbirds preferred hybrids with big flo¬ 
ral surfaces, but hummingbirds particularly liked a big 
nectar reward, and bees were particularly averse to hy¬ 
brids with strong petal carotenoid content (making 
them deep red), preferring the larger and paler flowers 
offered. The effects were strong enough to give very 
little pollinator crossover even in the natural hybrid 
zone and thus presumably strong selection pressure on 
flower type, sufficient perhaps to eventually cause spe- 
ciation. It should also be noted that both attraction and 
repulsion can be at work in this pressure for special¬ 
ization. Aigner (2006) pointed out that the two most 
important traits (carotenoid concentration and nectar 
volume) were each under selection from only one of 


the pollinators; and as they are controlled by genes in 
different linkage groups and probably on different 
chromosomes each could respond independently to se¬ 
lection. Thus, rather than necessarily producing dis¬ 
ruptive selection, they may provide a strong drive to 
speciate. 

This was the first major study to look at effects at 
the genetic level and pointed the way to much more 
work that is needed; Galliot et al. (2006) reviewed the 
field and its potential. The genes that determine color 
change are proving useful, with a single gene-mediat¬ 
ed color shift documented to alter pollinator attraction 
in Petunia (Hoballah et al. 2007). There are some indi¬ 
cations of genes that control nectar production in the 
same genus (Stuurman et al. 2004). It may be that 
scents will also be a particularly useful aspect to ana¬ 
lyze given their apparent specificity, and that the Or- 
chidaceae will be a good source here, as there are indi¬ 
cations that in orchids pollinated by euglossine bees a 
single mutation can change the scent profile of a flow¬ 
er and hence the particular bee species attracted, giv¬ 
ing the potential for rapid isolation and speciation. 

Trade-offs for Different Pollinators 

Trade-offs in floral traits for different pollinators are 
regularly proposed, and theory suggests that their pres¬ 
ence will favor specialization (e.g., Muchhala 2007), 
but Aigner (2006) reported that good evidence has 
been hard to find. His own studies with the tradition¬ 
ally generalist genus Dudleya (Aigner 2005) involved 
a careful principal component analysis (PCA) of mixed 
species arrays of this crassulaceous plant in California, 
where he found different assemblages dominated by 
hummingbirds, by larger bees ( Bombus, Anthophora), 
or by small bees and flies. Long flowers with the repro¬ 
ductive parts inserted (PC2 in his analysis) had an ad¬ 
vantage in all environments, but the slope of this rela¬ 
tion was strong for hummingbirds, medium for large 
bees, and very slight for small bees and for flies. In 
experimental manipulations Aigner (2004) found that 
birds and bees both deposited pollen better in narrower 
(less flared) corollas, but more strongly so for birds 
(fig. 20.17); and birds also exported “pollen” (as a dye 
analog) more effectively from the less flared corollas. 
Aigner proposed that his results argued against gener¬ 
alists needing to trade off characters to support the 
“best” pollinators; for example, a population of Dud¬ 
leya with wide corollas would be most effectively pol¬ 
linated by bumblebees (i.e., they would be the MEPP), 
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Figure 20.16 Bees and hummingbirds visit 
Mimulus flowers of different species, but 
when F2 hybrids are produced ( M. lewisii x 
M. cardinalis ) the bees show strong aversion 
to petal carotenoids, and strong selection of 
a larger head-on floral display ("projection 
area"), whereas hummingbirds select hy¬ 
brids with particularly high nectar reward 
and have no obvious aversions. (Modified 
from Schemske and Bradshaw 1999.) 



No. of pollinator visits per flower 


20.17 Effects of manipulating corolla "flare" in Dudleya greenei, for bumblebees (top row) and for hummingbirds 
(bottom row). Less flared corollas receive more pollen from both bird and bee visitors, but bees are slightly better 
pollen importers than birds on wide flowers and birds are much better than bees on narrow flowers. Unmanipulated 
flowers on average have a flare between 6 and 12 mm. (Redrawn from Aigner 2004.) 
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but nevertheless evolution would be largely driven by 
selection for specializations suiting hummingbirds as 
these specialist features pose no cost to the bees. This 
analysis indicates that evolutionary specialization in 
response to selection from one pollinator may not nec¬ 
essarily lead to increased ecological specialization, as 
measured by species richness of the visiting pollina¬ 
tors. In effect, for flowers that are rather generalist, dif¬ 
ferent visitors will often act as selective forces on dif¬ 
ferent traits, which is unsurprising given that different 
animals are attracted by different rewards and different 
visual and scent cues. The outcome may be a single 
floral phenotype with various features optimized for 
various visitors; the mariposa lilies studied by Dilley 
et al. (2000) may be a suitable example. 

Counterarguments 

There are some important caveats to the general argu¬ 
ment that different pollinators might exert selection in 
different directions and so cancel each other out. 

1. The limited evidence for trade-off adaptations to 
different pollinators in generalist plants may in part 
stem from studying isolated systems and omitting the 
effects of competition between pollinators. Where dif¬ 
ferent visitors are competing for the resources of sev¬ 
eral plants, the potential for disruptive selection may 
be much greater, each animal group doing better if it 
preferentially visits the flowers that are least preferred 
by its competitors. It is very clear that competitive in¬ 
teractions of this kind do occur (see chapter 22), and 
do have marked effects on foraging behaviors that 
could in turn lead to stronger selection than is docu¬ 
mented in the studies mentioned here. 

2. Many of these studies also lack the key demon¬ 
stration of pollination effectiveness and use visitation 
as a measure of pollination. Poor visitors, and indeed 
illegal visitors such as thieves and florivores (see chap¬ 
ters 23-25), may select for floral traits very different 
from those suited to pollinators. For example, in Pen- 
stemon , different species are bee or bird pollinated, 
and Castellanos et al. (2004) showed that selection 
was at least as much to avoid the wrong visitor as to 
attract the right one , so that antibee and antibird char¬ 
acters were favored. 

3. There is a need to distinguish selection for floral 
traits from selection for reproductive isolation (Grant 


1952; Waser 1998, 2001; Aigner 2006), the latter hav¬ 
ing more stringent requirements. Waser (1998) noted 
that specialization would rarely be so complete as to 
affect reproductive isolation directly, although Jones 
(2001) pointed out that it may affect speciation through 
assortative mating or by some other less direct route. 

4. Selection in these kinds of studies may be con¬ 
strained by covariation of characters (Mitchell et al. 
1998). For example, Armbruster (2002) showed that 
floral color is partly determined by pleiotropic effects, 
linked to color of leaves, stems, etc., and so is non- 
adaptive in part. In some cases pigment pathways 
leading to flower color are also pleiotropically linked 
with production of secondary defensive compounds 
(see chapter 25). 

5. Selection on flowers may also be overridden by 
selection for features unrelated to pollination, a point 
noted earlier. A commonly cited example is herbivore- 
mediated selection, taken up in more detail in chapter 
25; as a single example here, Paeonia broteroi flowers 
were largely unaffected by pollinator-mediated selec¬ 
tion because antiherbivory selection operated in the 
exactly reverse direction (Herrera 2000a). 

6. Some recent studies have begun to document 
trade-offs explicitly, a good example being Muchhala’s 
work (2007) with model flowers and captive birds and 
bats. He found flower “fit” to be crucial in determining 
pollination effectiveness, with wide corollas suiting 
the broad bat snout and narrow corollas suiting hum¬ 
mingbird bills, such that he could calculate selection 
for wider corollas when bats made more than 44% of 
all visit, and with intermediate corollas never selected 
for (i.e., generalization was always suboptimal). 

Limitations of Existing Studies 

Most studies to date have concentrated on the effects 
of selection for either female or male fitness. But pol¬ 
linators can clearly influence both female success 
(seeds produced from cross-pollen from an appropriate 
vector, controlled by rewards and attractants) and male 
success (seeds sired from a flower’s pollen landing on 
the stigmas of other conspecific plants, controlled 
largely by pollen dispensing and pollen stickiness, 
etc.). Some studies that have seemed to show little se¬ 
lection on floral traits have only looked at one side of 
this, usually the female side. A notable exception is the 
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work of van Kleunen et al. (2008) with Mimulus. Their 
results were analyzed to avoid the hazards of covari¬ 
ance and showed that paternal selection gradients 
could be significant, notably in this case for smaller 
corollas with more red spot markings and for reduced 
anther-stigma separation. 

Also, studies have generally considered just one 
generation of plants and rarely that plant’s whole life¬ 
time. Many authors have stressed the need for a life¬ 
time, or at least life-cycle, approach to assessing ef¬ 
fects on plant fitness (e.g., Gomez and Zamora 2006), 
but this is rarely achieved. It would allow for better 
estimation of pollinator effectiveness and also consid¬ 
eration of the extrinsic factors that constrain plant 
adaptive responses. 

There is also considerable variation between the 
conclusions reached in laboratory and field studies, 
and in part for the same kinds of reasons; crucially, in 
field analyses edaphic factors and other interactions 
(such as herbivory levels) must also be operating, but 
are rarely assessed or controlled for. If such factors are 
ignored, pollinator-mediated selection on flowers may 
be substantially miscalculated. 

For these reasons, individual variance in a given 
floral trait often accounts for only a small proportion 
of variance in fruit or seed production (Ehrlen 2002), 
and more general selection pressures may come into 
play. Thus for Viola cazorlensis in Spain, pollinated 
almost exclusively by Macroglossum hawkmoths, 
Herrera (1993) quantified selection rather precisely 
and showed that, while there was phenotypic selection 
on various flower characters, the additional ecological 
factors affecting plant size (soil type, herbivory, etc.) 
meant that only 2.1% of the variation in final fruit set 
(reproductive output) was explained by floral traits, 
and the one trait that seemed best to match the spe¬ 
cialist pollinator (nectar spur length) was not subject 
to phenotypic selection over a four-year analysis. With 
similar approaches, Schemske and Horvitz (1988, 
1989) found a value of 8% variation explained for 
Calathea, and Herrera (1996) found just 2% for 
Lavandula. 

On a wider front. Crone (2001) showed that for 
various perennials fitness depended more on annual 
survivorship than on seed production (fecundity), 
again reinforcing the need for caution in assessing pol¬ 
linator effects on perceived fitness in one part of the 
life cycle. It may be commonplace that selection on 
floral traits gets heavily diluted by influences from 
other factors. 


Selection on the Pollinators 

This is usually much harder to study, because lifetime 
fitness for an animal is more difficult to estimate, espe¬ 
cially in the longer-lived and highly mobile pollina¬ 
tors. Furthermore, there are no direct effects on gene 
flow to be measured, whereas pollinators do affect 
gene flow directly for plants. 

Pyke (1982) worked on bumblebees and showed 
that communities supporting three species of bees al¬ 
ways included three with differing and largely non¬ 
overlapping tongue lengths. A similar kind of result 
has been shown for hummingbirds (Feinsinger 1983). 
But this kind of evidence is rather inconclusive and 
indirect in relation to selection pressures. 

However, there is one rather clearer hummingbird 
example concerning a sexual dimorphism, where Te- 
meles et al. (2000) showed selection acting on the 
birds’ beak lengths and shapes via competition for re¬ 
sources. Males and females of Eulampis jugularis visit 
different Heliconia species, and the males are aggres¬ 
sive and territorial around the more nectar-rich spe¬ 
cies, which have shorter straighter corollas, the male 
birds having shorter straighter beaks. But females of 
the same species frequent other (lower-reward) Heli¬ 
conia species and have more curved beaks suited to 
accessing the flowers on these species. The end result 
for the plant is less interspecific pollen flow. Further 
work (Temeles and Kress 2003) neatly relating flower 
shapes to these bird beak characters on different Ca¬ 
ribbean islands was discussed in chapter 15. 

8. Generalization versus Specialization: 
Patterns in Different Ecosystems 

A tendency for greater specialization in certain kinds 
of habitat has been widely discussed in the general 
ecological literature, and pollination ecology is no ex¬ 
ception here. Working within the traditional syndromes 
framework, it is not hard to see that the more special¬ 
ized syndromes occur far more frequently in warmer 
tropical areas. Most temperate habitats do not have 
bird or bat pollinators or plants with fragrances or res¬ 
ins as reward, while boreal, alpine, and arctic zones 
commonly lack the great majority of pollination syn¬ 
dromes. The number of taxonomic and functional 
groups declines with latitude; therefore the range of 
potential specializations is bound to decline too. Vari¬ 
ous authors who now assert that generalization is the 
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norm for flowers nevertheless concede that specializa¬ 
tion might perhaps occur in very stable ecological con¬ 
texts, and thus that there might be habitat or geograph¬ 
ical or very broad latitudinal trends. 

At the habitat level, we will meet in chapter 27 
some of the different patterns that occur in particular 
ecosystems (tropical, Mediterranean, high altitude or 
high latitude, and island). For now it is worth picking 
out one recent study specifically looking for effects of 
light levels on pollinator guilds (Sargent and Vamosi 
2008). These authors assessed pollinator spectra at 
four different light levels from floor to canopy within 
various (mainly tropical) forests and found a general 
tendency for greater specialization at the lower light 
levels, perhaps because there is a greater need to avoid 
wastage of resources such as nectar that depend on 
photosynthate. They concluded that pollination syn¬ 
dromes may be relatively conserved, with specialized 
plants undergoing pollinator switches rather rarely; 
transitions to generalist pollination were mainly asso¬ 
ciated with beetle and fly pollinators. 


Effects of Latitude 

At the latitudinal level, Olesen and Jordano (2002) and 
Ollerton and Cranmer (2002) both reported major 
analyses of specialization patterns, using 35 and 29 
published data sets, respectively, and reaching rather 
opposite conclusions. The first pair found tropical 
plants to be more ecologically specialized (with slight¬ 
ly lower connectance, after correcting for network 
size; fig. 20.18), while the second pair concluded that 
any such apparent trend was an artifact of sampling 
effort (see above). Neither group reported any signifi¬ 
cant trends in pollinator specialization. 

Similar analyses were then presented by Bas- 
compte et al. (2003) and Ollerton et al. (2006). The 
latter took the broadest view to date, using 32 pub¬ 
lished community-level studies. They categorized 
plants into one of 16 “broad functional pollinator sys¬ 
tems ... on the basis of their spectrum of pollinators 
(i.e., not using a pollination syndrome approach).” 
The plants were deemed to be specialized for a 
particular vector type only if more than 85% of their 
visitors were of that type, all others being listed 
as “insect-pollinated generalist” or “vertebrate/insect 
generalist.” Communities were graded by latitude, al¬ 
titude, and complexity of habitat structure. There were 
three major findings. 
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Figure 20.18 A comparison of networks from five geographic zones 
(corrected for different network sizes), showing lower connectance 
values in alpine and tropical habitats, with highest values (i.e., more 
generalization) in Mediterranean zones. The horizontal line is the me¬ 
dian. (Redrawn from Olesen and Jordano 2002.) 


1. As expected and usually assumed, there was a 
significant difference in the number of pollination sys¬ 
tems at different latitudes, but the difference was es¬ 
sentially only between tropical systems and all others 
(fig. 20.19). Altitude had no overall effect, but there 
was an increase in pollination systems in complex 
habitats (i.e., woodland and forest). 

2. There was some convergence across given lati¬ 
tudes and habitat complexities with the types of polli¬ 
nation systems that occurred there, and again no alti¬ 
tude effect. Tropical communities (and complex forest 
habitats) had higher proportions of plants specialized 
for small, large, and euglossine bees, for butterflies, 
for beetles, for wasps, and for thrips. They had lower 
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proportions specialized for flies and for birds. In con¬ 
trast, temperate and subtropical communities had more 
plants pollinated by insects in general, by insects and 
birds, and by birds only. 

3. Phylogenetic effects were important and had to 
be taken into account; some plant families may be in¬ 
herently less prone to specialization and may be domi¬ 
nant in a particular community. Thus at the level of 
families, when compared across ecosystems, genuine 
evolved differences in pollination systems were more 
likely to be revealed, and Ollerton et al. (2006) found 
such effects for the two families they tested, the or¬ 
chids and the asclepiads. For both families, species 
native to southern Africa were significantly more spe¬ 
cialized than species from North America and Europe. 
Johnson and Steiner (2003) suggested that the high 
levels of specialization in the African flora are due to 
both phenotypic specialization and a rather depauper¬ 
ate pollinating fauna; there are relatively few bees 
overall (roughly 15 times as many plant species as bee 
species, compared with only 2-3 times as many in 
north temperate and subtropical systems), but unusu¬ 
ally high numbers of long-tongued flies, large satyrid 
butterflies, hawkmoths, flower-visiting beetles, ro¬ 
dents, and oil-collecting bees. 
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Figure 20.19 Comparisons of the number of pollination systems pres¬ 
ent in different biomes, different altitudinal zones, and habitats of dif¬ 
fering structural complexity. See text for further commentary. (Re¬ 
drawn from Ollerton et al. 2006.) 


Armbruster (2006) presented a taxonomically more 
restricted view of this same problem, but one that has 
the advantage of being based on his own observations 
across many habitats, with consistent methods of field 
analyses and an appreciation of the visitor/pollinator 
problem. His data on floral tube lengths certainly sup¬ 
ported a latitudinal effect, with maximum values of 20 
mm in arctic sites and 300-400 mm in tropical sites; 
although it is of course the variance that is increasing 
here, as the tropical sites also contain corollas much 
less than 20 mm long. Armbruster also compared four 
different taxa in detail and found evidence for special¬ 
ization trends in three of them (see below); these re¬ 
sulted in reductions of niche overlap where species 
co-occurred and generally supported the idea of spe¬ 
cialization as an escape from competition, especially 
in temperate and tropical habitats. The exception was 
the saxifrages, which retained open, radial flowers 
with little variation in reproductive structures, even 
where there were up to four congeners. This could be 
due to some inherent genetic or developmental con¬ 
straint in the genus, which never shows any significant 
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fusion of floral parts; but is perhaps more readily 
explained as selection for generalization in an arctic/ 
alpine habitat suffering chronic pollinator scarcity. 

A similar approach using a single taxon was taken 
by Goldblatt and Manning (2006), bringing together 
their extensive observations on the Iridaceae in sub- 
Saharan Africa. Within this one family they document¬ 
ed 17 distinct pollination systems, with recurrent shifts 
in mode across the various genera. Pollination by 
long-tongued bees (anthophorines) was thought to be 
ancestral in key groups, but the alternatives now in¬ 
clude short-tongued bees, buzz-pollinating bees, oil¬ 
gathering bees, long-tongued flies (of four different 
types), large butterflies, settling and hovering moths, 
hopbine beetles, and sunbirds (see table 27.1 for more 
details). Only about 2% of the species could be scored 
as generalists. Direct observations of traits and visitors 
for 375 species allowed the authors to infer pollination 
mechanisms for another 610 species and to map pol¬ 
lination modes onto phylogenies to see the multiple 
shifts that must have occurred, especially in the bilat¬ 
erally symmetrical Crocoideae. 

But we should still recall that, even in the tropics, 
what were thought to have been good examples of spe¬ 
cialization have come under fire. Lowland tropical for¬ 
est communities in southeast Asia do contain many 
generalist and opportunistic flower visitors (Momose 
et al. 1998), but remember that this study was quoted 
earlier in numerical support of specialization as the 
norm. More specifically, various authors have pointed 
out that for bees the proportion of oligolectic species is 
higher in deserts, medium in temperate zones, and low 
in tropics; and in the Neotropics the hermit humming¬ 
birds, with relatively long curved beaks, which were 
reported as significantly more specialist than straight- 
beaked species in the past, are now often shown to be 
just as generalist in their behavior (Cotton 1998). Lev¬ 
els of specialization were also reported to be similar 
along a rainfall/humidity gradient in Patagonia (De- 
voto et al. 2005), except that in wetter habitats flies 
became more abundant and bees less so (see fig. 13.3); 
this is probably linked to the association of flies with 
cooler temperatures. 

Even some of the classic cases of one-to-one polli¬ 
nation syndromes from the tropics considered in chap¬ 
ter 26 are proving to be less than perfect; the obligate 
mutualism between senita moth and senita cactus turns 
out to be strongly supplemented by pollination from 
generalist small solitary bees (Fleming and Holland 


1998), yucca moths visit sympatric yucca species such 
that hybrids result (Leebens-Mack et al. 1998), and 
many African fig species are now shown to have asso¬ 
ciations with several different fig wasp species. 

Effect of Ecosystem Maturity 

Beyond the issues of latitude and diversity, it should 
also perhaps be more common to find specialization in 
more mature habitats, so that patterns might vary with 
successional phase. Parrish and Bazzaz (1979) work¬ 
ing in UK farmland, found these kinds of effects: 

1. Short-lived ephemerals in the first successional 
stages were generalist open-bowl flowers, often 
selfing, and with relatively few visits 

2. Mid-succession areas had biennials and perenni¬ 
als, including many composites, with long flower¬ 
ing seasons and high nectar rewards per flower or 
per inflorescence; mostly still fairly generalist, but 
important for bees and supporting the most diverse 
pollinator community 

3. Later successional stages with tall grass, or mature 
woodland with glades and openings, had the most 
specialized plant types and the most distinct kinds 
of flora for different visitors. 

The authors concluded that these effects arose at least 
partly from competition coming into play more 
strongly as the community aged. The same kinds of 
patterns, and perhaps similar explanations, apply in 
studies of Mediterranean communities undergoing 
successional changes after fire (Potts et al. 2003a,b; 
and see chapter 27). 

Finally, it is generally reported that plant and pol¬ 
linator specializations are reduced on islands, where 
“maturity” has an extra dimension of time of coloniza¬ 
tion, a theme also explored more fully in chapter 27. 

9. Can Specialization Be Reversed? 

From the evidence cited so far, it seems that there may 
be selection for specialization in plant-pollinator inter¬ 
actions in some situations and also selection against 
overspecialization, since there are costs incurred in de¬ 
parting from the global fitness optimum (see Waser et 
al. 1996). And it is generally assumed that specializa¬ 
tion evolves from generalization, although relatively 
few studies have addressed this directly. Armbruster 
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Figure 20.20 A phylogeny of the Stylidiaceae 
based on ribosomal DNA, showing the 
progressive acquisition of more specialized 
pollination in the taxon. (Redrawn from 
Armbruster 2006.) 


(2006) gave a clear example of the elongation of co¬ 
rolla tubes in the sister taxa Collinsia and Tonella 
(shown in fig. 11.3), where longer tubes occurred 
mainly after the most recent speciation events, gener¬ 
ating species visited by long-tongued bees ( Osmia, 
Anthophora, Bombus) and very distinct from the open- 
flowered Tonella species visited by small flies and 
bees. He gave a further example for the family Stylidi¬ 
aceae, rather orchidlike in their complex fused (sta¬ 
men + pistil) “column”; here the precision of pollen 
placement showed a clear phylogenetic trend toward 
specialization (fig. 20.20). 

So can a trend to specialization be reversed? The 
second of Armbruster’s examples shows clear indica¬ 
tions that this can occur; most notably the genus Oreo- 
stylidium has reverted to a radial form with very im¬ 
precise pollen placement, perhaps linked to its dispersal 
to New Zealand where few specialist visitors were 
available. There are various other scattered instances 
in the literature: for example, honeycreeper beaks get¬ 
ting shorter in Hawaii (see chapter 27); the reversal of 
deeper more curved corolla tubes in Aphelandra (Mc- 
Dade 1992); and of course many reversions to self- 
pollination in angiosperms (Schoen et al. 1997). Tripp 
and Manos (2008) documented several reversals from 


hummingbird to insect pollination in Ruellia, although 
they found that specializations to hawkmoth or bat 
pollination were more likely to be dead ends. 

Probably the best examples come from the genus 
Dalechampia, with a well-mapped phylogeny and a 
series of highly specialized pollination scenarios in 
different species, basally involving resin-collecting 
bees but with a few fragrance-collecting bees (Arm¬ 
bruster and Baldwin 1988) and a few buzz-pollinated 
species (Armbruster 2006 provided a review). Several 
interesting trends appear here: 

1. Within the resin-collecting bee-pollinated group 
(already rather specialized, as few bees have this hab¬ 
it), there have been repeated evolutionary trends to in¬ 
crease or decrease the resin production, linked to the 
size of bee attracted and usually correlated with chang¬ 
es in morphology affecting the gap between resin 
glands and anthers (fig. 20.21 A); a clear axis of spe¬ 
cialization can be identified. 

2. At least three reversals to pollen collecting have 
occurred within this group. In particular, radiation in 
Madagascar has been accompanied by a switch to 
more general pollen-collecting bees (fig. 20.21B). 
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3. Whereas the first two cases are linked to changes 
in the pollinator species, a third example relates to the 
time of offering the rewards. Many species are open 
for 24 hours or more, but Armbruster identified at least 
four shifts to shorter diurnal opening times (assumed 
to reflect an increased level of specialization) (fig. 
20.21C); however, there is one clear reversal in D. 
schippii. 

Thus although there are rather few cases of reversal 
of specialization clearly documented against secure 
phylogenies as yet, the few studies with sufficient de¬ 
tail do give clear indications that reversals and paral¬ 
lelisms are not uncommon in plant groups; specializa¬ 
tion is usually evolutionarily fairly labile, and trends to 
specialize or to generalize can go in both directions. 
This point may also be relevant to the debate (see 
chapter 4) as to whether specialized pollination pro¬ 
motes plant diversity, once widely accepted but explic¬ 
itly questioned by Armbruster and Muchhala (2009). 

10. Overview: Why Does the Argument 
over Generalization, Specialization, 
and Syndromes Matter? 

This debate is currently at the forefront of pollination 
ecology and it matters greatly. This is largely because 
the currently favored network-based modeling ap¬ 
proaches have in practice tended to find and to empha¬ 
size an abundance and even dominance of generalists, 
and a relative lack of specialized patterns across com¬ 
munities. They have found the interactions to be asym¬ 
metric, and most specialist plants to be rather often 
visited by generalist flower visitors. Furthermore, the 
resulting web models have been used to test the effects 
of removing one or more plants or animals from the 
modeled system and so to predict future threats and 
extinctions. Usually they have indicated a relative lack 
of extinction threat from simulated removal of one or 
even many pollinators (e.g., Morris 2003; Memmott et 
al. 2004) or from introduction of aliens (Memmott and 
Waser 2002; and see chapter 29). A common conclu¬ 
sion is that intense perturbation might lead to loss of 
specialist and rather sensitive pollinators, but that most 
plants would be buffered against this loss by the core 
generalist species. Memmott et al. (2004) explicitly 
recognized the problem that their webs had nothing to 
say about pollination effectiveness for visitors, but it is 
still only too easy for a message of community resil¬ 


ience to become widespread when apparently com¬ 
forting figures of predicted extinctions are produced. 
Following up the theme, Fontaine et al. (2006) began 
experimental tests of this with manipulations of simple 
biodiversity over two years, and found that as expected 
a community with the more functionally diverse pol¬ 
linator assemblage had recruited more plant species 
than did one with an assemblage of less diverse polli¬ 
nators. Pauw (2007) suggested that loss of a generalist 
oil-collecting bee (Rediviva sp.) in some conservation 
areas in the Cape had led to the failure of seed set in 
six of the species it visited, so confirming the network 
predictions. However, both of these studies perhaps 
presented rather odd perspectives on generalization. 
The view that webs and networks are resilient to spe¬ 
cies loss is particularly worrying given the limitations 
of methods that rely on visitation records rather than 
on pollination analysis; it could only too easily lead to 
inappropriate complacency. 

It may be true that the syndrome concept has be¬ 
come too fixed and has tended to make field workers 
concentrate on the visitors that conform to expectation 
and not record or assess the effects of the nonconform¬ 
ist visitors seen at the flowers they study. The presence 
of 1:1 obligate relationships between plant and animal 
is rarer than perhaps once thought, and extreme spe¬ 
cialization is certainly rare. Floral traits can sometimes 
be exaptations rather than adaptations (i.e., not due to 
current pollinators) and can often be partly due to se¬ 
lection from agents other than pollinators (Herrera 
1996; Armbruster 1997). And, given the spatiotempo- 
ral unpredictability of some pollinator assemblages, it 
is probably true that there is unlikely to be consistent 
selection on floral traits, with heterogeneous assem¬ 
blages also weakening directional selection at any one 
time. Stebbins’s (1970) most effective pollinator prin¬ 
ciple implies that a flower’s traits will be mainly se¬ 
lected by the pollinators that visit it most often and 
most effectively in a given region, but the visitors with 
highest effectiveness are often not abundant and may 
be especially unpredictable in time and space, thus 
again limiting the chances of very strong selection on 
floral traits (Herrera 1996). 

For all these reasons, an overemphasis on special¬ 
ized interactions may be unhelpful. It is rare to find 
flowering plants and flower visitors with tight, specific, 
obligate, and reciprocal pollination interactions. Per¬ 
haps a tendency to repeat the stories of orchids, figs, 
and yuccas too often has indeed conveyed too strong an 
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impression that strong specialization is the rule in pol¬ 
lination biology; and in that sense, the recent emphases 
on generalization have been thoroughly good for us. 

But such emphasis may in turn risk the next genera¬ 
tion of young pollination biologists losing sight of the 
reality of convergent flower types and the rather obvi¬ 
ous degrees of specialization for attraction and reten¬ 
tion of particular visitors covered in earlier chapters. 
Perception of patterns and trends is a very helpful way 
of finding one’s way into a topic, and subsequently 
learning to dissect and criticize these patterns is an ex¬ 
cellent way of getting to grips more deeply with the 
subject. In contrast, starting out with a perception of 
generalization, derived from models that may be diffi¬ 
cult to grasp, can be discouraging to a beginner. It 
would be hard to understand the complexities of nectar 
variation discussed in chapter 8 without linking nectar 
rewards in particular flowers to particular visitors and 
their energetic needs, for example; indeed, it is hard to 
talk or write about pollination without using syndrome¬ 
like terms and referring to a bee-pollinated or a bird- 
pollinated plant, as most of the literature still does (be¬ 
yond the world of the modelers). And it should be 
noted that even those who criticize or reject syndromes 
and propose alternatives nevertheless come very close 


to using the syndrome traits and groups of traits in 
their analyses: Ollerton et al. (2006) divided up their 
visitors into remarkably syndrome-like groupings, and 
Corbet (2006) proposed more detailed typological 
groups that map very easily onto the syndromes dis¬ 
cussed here in chapters 12-19. 

At this point, though, it is only fair to deal with a 
critical major statistical analysis of syndrome robust¬ 
ness across 6 habitats and 482 plant species presented 
by Ollerton et al. (2009). This involved scoring pres¬ 
ence or absence of 41 manifestations of 13 broadly 
defined floral traits. From this they derived three axes 
onto which classical syndromes could be plotted as 
sets of multiple alternative trait combinations in three- 
dimensional “phenotype space” (plate 38A), such that 
ten discrete syndromes were observable. However, the 
ordination of flowers from the six habitats studied only 
rarely lay within these syndrome groupings, and in 
about two-thirds of the cases the main pollinators 
could not be successfully predicted from the data. The 
stars in plate 38B show the actual phenotypic positions 
of flowers studied for one of the sites, in Peru. 

The idealized syndrome plots show some interest¬ 
ing features that fit reasonably with expectations: for 
example, there is a proximity of bee and butterfly 









in Madagascar (redrawn from Armbruster and Baldwin 1998). (C) A phylogeny of Dalechampio that indicates pat¬ 
terns in length of flower opening, with at least 4 shifts to shorter opening and more specialized interactions (re¬ 
drawn from Armbruster 2006). 
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groupings, and of bat and nonflying mammal, although 
wasp flowers and moth flowers are particularly and 
perhaps unexpectedly distinct. The authors noted that 
for the real flowers some syndromes (bee and fly) were 
predicted more reliably than others (beetle, moth); and 
that some plant families were predicted well (zygo- 
morphic taxa such as Lamiaceae, Fabaceae) while oth¬ 
ers were predicted poorly (e.g., Apiaceae, with many 
obvious generalists), although Asteraceae were sur¬ 
prisingly prone to successful predictions. 

Taken at face value, this study should present a real 
problem for any defense of syndromes. However, the 
authors themselves take care to point out the difficul¬ 
ties: defining the syndromes quantitatively was ex¬ 
tremely difficult, especially with a binary scoring, 
there was no weighting of traits, and samples often did 
not include the whole growing season so there may 
have been biases as a result. The “visitor versus polli¬ 
nator” trap was only partly avoided: visitors were 
scored as pollinators if they were not obviously ille¬ 
gitimate, and if they were seen to contact the male and 
female reproductive organs. 

Why then is there such apparently poor prediction? 
The distributions of points derived for real flowers are 
in fact rather weird upon closer inspection. Axis 1 was 
strongly positively influenced by bilateral symmetry, 
large flower size, diurnal anthesis, fresh scents, and 
nectar guides, but negatively by abundant nectar. Axis 
2 was positively influenced by tubular shape, fresh 
scent, vivid colors, and nectar guides; negatively by 
strength of scents and exposed anthers. Axis 3 particu¬ 
larly indicated robust anthers, little or no scent, and 
flowers that were not white. Real flowers seem to be 
particularly likely to be more extreme in both senses in 
relation to axis 3 than expected, and to be more posi¬ 
tive in relation to axis 2, and these patterns were con¬ 
sistent across all the habitats tested; but it is hard to see 
any obvious explanations, so that confidence in the 
utility of the axes is undermined. It seems very likely 
that the study simply does not capture the syndromes 
adequately, due to 

1. the lack of weightings; 

2. the inclusion of traits that are difficult to quantify 
(e.g., flower size, and especially nectar volume 
(chapter 7 discusses all the problems in deriving a 
single measure of this); 

3. omission of other traits that are known to be ex¬ 
tremely important (notably nectar concentration, 


pollen amounts, corolla tube length, floral 
longevity). 

Thus while the study will be taken by many who are 
thus inclined as evidence against syndromes, the au¬ 
thors are right to say “We do not take our results as 
evidence against convergent floral adaptation resulting 
from pollinator-mediated selection”; more conserva¬ 
tively, they merely warn against thinking solely in 
terms of a single most effective pollinator. 

It remains the case that a reasonably experienced 
pollination biologist can in practice go out into the 
field, even in temperate sites, and say X is probably a 
bee flower, while Y is probably a hummingbird flower 
(and then test the predictions, or watch students do so). 
The flowers may indeed get other visitors as well, but 
these will often be of poorer quality and operating in 
less appropriate times or places. This aspect of a syn¬ 
dromes approach is exceptionally helpful as long as it 
is used with due care, and it can be properly tested 
(e.g., see Pauw (2006), who correctly predicted an oil- 
bee pollination in certain orchids; or Kleizen et al. 
(2008), who confirmed rodent pollination in two 
Colchicum species after predicting this from the floral 
features). In the tropics this approach as a starting 
point can be even more useful, as so many plants are 
unstudied and so many more specialist kinds of rela¬ 
tionship are present, involving bats, hawkmoths, resin- 
and fragrance-collecting bees, long-tongued flies, fig 
wasps, etc. It is noteworthy that the main web work so 
far has been temperate, and specialization is probably 
lower in such habitats, where opportunist, clever, long- 
lived social bees are particularly abundant. And it may 
be worth noting also that these same temperate areas 
that are so much better studied are relatively young in 
a postglacial sense, so they may still be dominated by 
opportunist colonizing plants that are in an evolution¬ 
ary sense not yet particularly specialized. 

There is no doubt, though, that our definitions 
of generalization and specialization need to be recon¬ 
sidered; as outlined in section 6, Specialization and 
Generalization: Core Issues, subsection Defining the 
Terms, the terms are often used too simplistically, 
without disentangling state and process, and indeed 
Armbruster (2006) believed that the current apparent 
contradictions stem at least partly from different em¬ 
phases among pollination biologists on either ecologi¬ 
cal observations of state or evolutionary trends of spe¬ 
cialization processes. For the future, specialization 
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should not be seen only as a tight reciprocal special¬ 
ization of plant and animal, exemplified in traditional 
syndromes, nor should generalization be seen as a lack 
of adaptation. Our perceptions of generalized or spe¬ 
cialized communities or groups need to take into ac¬ 
count some key points: 

1. The taxonomic level used to characterize com¬ 
munity components. Bees are an obvious case in point 
here, given the variety that allowed them to be subdi¬ 
vided into several separate syndromes in chapter 18. A 
flower may be described by one author as specialized 
for bee pollination and by another as rather generalist 
if it lacks features particularly associated with a par¬ 
ticular bee genus (or indeed a particular bee tongue- 
length and body-size combination, occurring across 
various genera). 

2. The phyletic diversity of the pollinators (a plant 
with multiple pollinators from very different taxa does 
not conform to the syndrome concept and is far more 
generalist than one with the same number of species of 
pollinator but all from the same genus or family; the 
latter should be termed a specialist). 

3. The number of available pollinators in the region 
(a plant visited by a high proportion of the available 
fauna in a nonspeciose ecosystem is more generalist 
than one visited by a small fraction of the animals in a 
rainforest, even where the absolute number of pollina¬ 
tors is higher). 

The new indices developed by Petanidou and Potts 
(2006) or Medan et al. (2006) could be helpful here. 
Pollination biologists need to accommodate ideas of 
adaptive generalization and of asymmetric specializa¬ 
tion, incorporating a new appreciation that strong se¬ 
lection does not necessarily align only with strong 
specialization, since generalized flowers too can be 
under strong selection. We need also, and above all, to 
be able to incorporate genuine measures of pollinator 
effectiveness, and the web world needs to move from 
visitor data to real pollinator data if we want to see 
meaningful comparisons between communities. Care¬ 
ful analysis of pollinator effectiveness (i.e., both quali¬ 
tative and quantitative surveys) can never be replaced 
by the compilation of impressive quantitative lists of 
the many different species, families, orders, or phyla 
of animals visiting a given plant species, the latter to 
be assembled into a web that inevitably appears to 


stress generalization and that can then be used to show 
a (quite possibly illusory) resilience to extinctions. 

Given the evolutionary conflict in flower-visitor as¬ 
sociations, with both parties under selective pressure 
to exploit one another, it should follow that as a rela¬ 
tionship becomes more closely integrated the success 
of the mutualism will inevitably vary, and the relation¬ 
ships will change in space and through time as selec¬ 
tion leads each partner to maximize efficiency. Mea¬ 
suring visitation at one time and place gives a very 
poor overview and is rather likely to suggest general¬ 
ization; but using a syndrome-based understanding 
and then measuring pollination over a longer time 
scale and larger area can show a different story. 

11. In Conclusion: A Personal View 

At present we are burdened with a situation where 
syndromes are out of fashion, and many authors go out 
of their way to avoid the term at all, while seeming 
intent on finding that communities are, broadly speak¬ 
ing, generalized. Petanidou and Potts (2006), good 
friends and experienced sensible colleagues of mine, 
presented data that documented quite high levels of 
specialization (high selectivity values) in their Medi¬ 
terranean communities (fig. 20.22), yet by the end of 
their paper this had somehow turned into a conclusion 
that the communities were characterized by “very lim¬ 
ited specialization.” Remember also the quote given 
earlier from Ollerton et al. (2006): the authors catego¬ 
rized plants into one of 16 “broad functional pollinator 
systems ... on the basis of their spectrum of pollina¬ 
tors (i.e., not using a pollination syndrome approach).” 
Here a syndrome is deliberately being presented as a 
mere listing of floral characters, whereas the idea has 
always been used in practice as a matching of observa¬ 
tions of floral features and visitor frequency and 
behavior. The authors go on to worry that their catego¬ 
ries lose “much of the subtlety of the distinction be¬ 
tween . . . medium and large bee pollination, . . . 
or hovering- versus perching-bird pollination.” Well, 
quite! Furthermore, in that same study the plants were 
deemed to be specialized on a particular animal group 
only if more than 85% of their visitors were from that 
group, all other plants being termed generalists—but 
surely few field workers would use the term “general¬ 
ist” for a plant that received just 80% (or even 60%!) 
of its visits from one kind of animal and the rest from 
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a mixture of many others, even without properly ob¬ 
serving (or testing for) visit efficiency in terms such as 
timing, pollen carriage and placement, etc. for each 
visitor. Even more disconcerting is the use of the term 
“generalized” for any plant having more than a single 
species of pollen carrier (for example, even where it is 
visited mainly by five different species of bumblebee, 
as in Waser et al. 1996); or for any insect visiting more 
than one species of plant (e.g., Forup and Memmott 
2005a). This becomes rather absurd, and it would seem 
that we are bound to discover generalization when the 
boundaries are set in that way. 

And there is another irony here; if generalization is 
indeed the norm, which would mean that most visitors 
have little flower constancy and forage rather at ran¬ 
dom, then visitation webs as currently constructed are 
almost bound to be fairly uninformative, and the effort 
that goes into constructing and modeling them might 
have been better directed elsewhere. 

The situation has become unhelpful, and needs to 
be rethought with fewer preconceptions as to what is 
likely. My own bias—based on field experience and a 
complete lack of involvement with grand models— 


tells me that an appreciation of pollination syndromes 
and of the force of convergent evolution is wonderfully 
predictive. Observing a flower’s features and phenol¬ 
ogy properly, and in particular taking the trouble to 
determine its rewards carefully on appropriate time 
scales (because as chapter 10 pointed out, economics 
really does matter), will tell me a great deal about its 
likely main pollinators. Watching that same flower 
will help me distinguish nonpollinating and pollinat¬ 
ing visitors and very commonly (perhaps even 85% of 
the time!) confirm with which syndrome the flower is 
linked. If the grand models—once properly construct¬ 
ed on the basis of pollinators and not visitors—tell us 
something more, that will be wonderful; likewise, if 
new insights from molecular and whole-genomic anal¬ 
ysis reveal new mechanisms underlying pollinator 
shifts as Cronk and Ojeda (2008) proposed. But in the 
meantime we should not disregard or throw out a cen¬ 
tury of accumulated expertise, or remove from pollina¬ 
tion biology so much of the patterning and intricacy 
that makes it both intriguing and deeply exciting to 
those making their first (and then inevitably repeated) 
encounters with the subject. 


This page intentionally left blank 



PART IV 

FLORAL ECOLOGY 


This page intentionally left blank 



Chapter 21 

THE TIMING AND PATTERNING OF FLOWERING 


Outline 

1. Frequency of Flowering, and the Shape of the 
Flowering Period 

2. When to Open a Flower 

3. Flower Longevity and Flowering Period 

4. How Big Should a Flower Be? 

5. How Many Flowers Should a Plant Have at 
Any One Time? 

6. What Determines Phenological Parameters 
for a Particular Plant Species? 

7. Where Should the Flowers Be Placed? 

8. Overview 


Plants should flower in ways that maximize their own 
reproductive success. The “flowering pattern" is a 
composite of the timing and frequency of individual 
flowers opening, and also of flower longevity. These 
phenological factors vary between species but also 
within a species (and often between sexes for dioecious 
species). They may additionally be affected by abiotic 
phenomena, as well as by conflicting selection from 
pollinators, herbivores, and seed dispersers. Phenology 
can also in its turn affect pollinator attraction and, by 
altering pollinator behavior, can change pollinator ef¬ 
ficiency. Flowering phenology can influence the plant’s 
manipulation of its visitors in ways that should increase 
either or both of pollen transfer and pollen receipt. This 
chapter deals with the factors that affect flowering, and 
the effects of different flowering patterns on pollina¬ 
tion outcomes. Table 21.1 introduces some of the pa¬ 
rameters of flowering that might be reported for a par¬ 
ticular flower, plant, species, or community. 


1. Frequency of Flowering, and the 
Shape of the Flowering Period 

Flowering patterns can of course be viewed at a spe¬ 
cies level; whether a plant is annual or biennial (both 
being monocarpic, with a single reproductive episode) 
or perennial. If perennial, a plant can flower each year 
(once or more than once), or it may flower supra-annu- 
ally, perhaps for a few years irregularly (episodic flow¬ 
ering: Bullock et al. 1983), or at regular intervals vary¬ 
ing from once every 2 years to once every 17 or 21 
years in some forest trees. Both of these types of per¬ 
ennial are normally polycarpic. However, a few peren¬ 
nials flower just once at the end of their life, in which 
case they are again effectively monocarpic; this pattern 
is famously common in some palms and bamboos. 

Alternatively, and perhaps more relevant from a 
pollination perspective, flowering can be viewed at the 
population level, where the terms extended blooming 
(a few flowers produced each day, over weeks or 
months) and mass blooming (many flowers each day, 
for just a few days) are commonly encountered. 

Typical Flowering Patterns 

The two basic categories mentioned may be further di¬ 
vided into several patterns as described below and in 
figure 21.1, originally modeled from the Neotropics 
(Gentry 1974; see also Poole and Rathcke 1979; Opler 
et al. 1980; Bawa 1983). 

Cornucopia Flowering 

Cornucopia flowering is one type of extended bloom¬ 
ing: flowering is synchronous within a population, 
with moderate numbers of flowers produced each day 
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Table 21.1 

Components of Flowering Phenology in Plants 


Flower 

Commencement 

Longevity 

Date of first opening 

Lifespan from anthesis to wilting 

Plant 

Commencement 

Date first flower opens 

or 

Flowering period 

Time from first to last flowers 

population 

Peak flowering time 

Date of maximum flower number 

or 

(Mean) Number of flowers 

On a given day, or at peak, or as a mean 

species 

Flowering time course 
Relative flowering intensity 
Flowering synchrony 
Flowering consistency 

Plot number (or %) of flowers against time 

Number of flowers as % of highest number recorded 

Degree of overlap of flowers on plant, or plants in population 
Across years 


A 



B 



Figure 21.1 (A) Basic patterns of flowering phenology (modified from 
G 


over a moderate period, up to several weeks, and usu¬ 
ally at the same time in the annual cycle. This is the 
most common pattern, and was assumed by Gentry to 
be primitive and to be broadly characteristic of most 
temperate flora. Conspecific plants at a particular site 
may have somewhat different but overlapping curves 
(fig. 21.IB). 

Steady-State Flowering 

This is an extreme type of extended blooming: plants 
open a few flowers per day over a period of weeks to 
months. Several extreme cases of flowering for well in 
excess of 20 weeks in every year were reported for 
Neotropical trees, with a few flowering more or less all 
year round (Frankie et al. 1974). This kind of pattern 
tends to be linked with trap-lining pollinators, espe¬ 
cially in tropical forest trees and shrubs; humming¬ 
birds and bees learn a pollination route between widely 
spaced plants and go round this route every day to visit 
the few new flowers on each plant. 

Big-Bang Flowering 

Big-bang flowering is the typical form of mass bloom¬ 
ing: all plants produce many flowers over just a few 
days. Examples include Eugenia, which flowers for 
just three days around Christmas Day each year, and 
Casarea praecox, where all plants in a population 
flower on a single day (Opler et al. 1976). Other plants 
produce their big bang at unpredictable times, where 
an unknown trigger appears to set off the whole popu¬ 
lation; this can be several times a year, or only once 
every few years (i.e., in superannual bloomers which 
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are typically mass blooming). It relies on “intruding” 
on the regular visiting patterns of local pollinators with 
a brief, massive, and irresistible display. (It is also 
known as “mast flowering” or “masting” as a parallel 
to mast seed production; when it occurs synchronously 
in many species it may be termed “general flowering,” 
particularly characteristic of tropical forests in Asia). 

Multiple-Bang Flowering 

In multiple-bang flowering, the flowers come out in 
small peaks (episodic), each usually lasting a few days, 
and not all the plants in a given population join in on 
every peak, so that peaks are of different heights. The 
peaks may occur at any time of year, and anything 
from two to five times a year. 

Factors Influencing the Phenological Patterns 

In general, the duration of the flowering period is re¬ 
lated to the proportion of flowers and the number of 
flowers produced per day: sharply peaked patterns are 
achieved by high levels of flowering synchrony. Both 
duration and synchrony of the overall flowering period 
are therefore important, although obviously linked; in 
fact a highly asynchronous group of mass-blooming 
individuals could appear to an observer as a rather 
extended-blooming population or species. What deter¬ 
mines these phenological parameters for any given 
plant species? 

1. On a broad scale, environmental predictability 
and the temporal patterns of resources are obvious in¬ 
fluences, with patterns therefore varying between broad 
habitat types. Cornucopia flowering is typical of highly 
seasonal ecosystems, with the tightness of the main 
flowering peak determined by the length of the spring/ 
summer period; all other patterns are more likely in 
less seasonal habitats, although some plants do show 
big-bang peaks within a seasonal system. 

2. Patterns of florivory, seed predation, and seed¬ 
ling survival are likely to be important (e.g., Kudo 
2006; Elzinga et al. 2007). Mass blooming gives the 
possibility of temporal escape from these threats, or at 
least of “swamping the market” if blooming and floral 
predators (or subsequent seed set and seed predators) 
do coincide. Augspurger (1981) demonstrated that 
mass blooming in Hybanthus helped to satiate micro- 


lepidopteran seed predators, reinforcing the selective 
benefits of greater attractiveness to bees. Likewise 
Maycock et al. (2005) showed that masting in Bornean 
dipterocarp trees helped to increase seed and seedling 
survival. 

3. Narrowed blooming time tending toward mass 
blooming should be favored where there is strong 
competition for pollinators, as it could help to limit 
interspecific pollen and gene flow. Discrete episodes 
of mass flowering among coexisting species might 
therefore be expected, and were described by Frankie 
(1975; and Frankie et al. 1983) for species of Fabace- 
ae, mostly pollinated by medium and large bees, co¬ 
flowering in dry Costa Rican forests. For the relatively 
few species that flowered on into the wet season, 
blooming periods were much more extended as com¬ 
petition lessened. 

4. Mass flowering should also be favored in plants 
that are rare, where just a few flowers would be un¬ 
likely to attract a pollinator at all. Habit may also be an 
influence here, with plants that bloom in dense forest 
canopies more likely to need mass blooming to pro¬ 
duce a significant visual display, compared with plants 
that flower in the open or in a forest understory. In fact 
there are cases where forest trees of different species 
mass flower synchronously (general flowering), at ir¬ 
regular intervals of 3-10 years; for example, Sakai 
et al. (1999) documented that more than half of all 
flowering in a Borneo forest of more than 300 species 
occurred during one such flowering period. 

5. Extended blooming patterns have some obvious 
advantages in terms of increased outcrossing with 
more partners, reduced geitonogamy, and lowered risk 
from sudden periods of bad weather and low pollinator 
activity. Potentially they give better control over in¬ 
vestment in fruits in relation to resource availability. 

6. Extended blooming may also be beneficial for 
colonizing species, as it will normally give longer pe¬ 
riods of seed production and better chances of seedling 
establishment. Such species are also more likely to be 
generalist in relation to their pollinators, with fewer 
coevolved visitors available with which to synchro¬ 
nize. Opler et al. (1980) found that early successional 
species had longer blooming periods than species in 
adjacent mature communities, with the very long (even 
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year-long) flowering periods mostly occurring in the 
earliest successional communities. 

7. Episodic multiple-bang flowering can in general 
be seen as a bet-hedging strategy (Gentry 1974), par¬ 
ticularly appropriate in unreliable habitats; it is rather 
common in cloud forests (Haber, cited in Bawa 1983), 
and in shrubs and treelets rather than mature trees. 
However, examples also occur in the tropical and sub¬ 
tropical lianes and vines, climbing over other plants 
and flowering just after their “hosts”; they tend to have 
no nectar, and are only visited (mainly by bees) acci¬ 
dentally, so that this is effectively pollination by 
deception. 

Note that some of the selective effects on flowering 
time can work in opposition to each other. For exam¬ 
ple, Marquis (1988) found that tightly peaked flower¬ 
ing in Piper led to better pollinator attraction and 
higher seed set, but that “off-peak” flowers suffered 
less seed predation, giving a degree of disruptive se¬ 
lection. In general, Elzinga et al. (2007) concluded 
that pollinators tend to favor peak flowering times (or 
earlier), whereas seed predators tend to favor off-peak 
and late flowering. 

Constraints on Flowering Phenology 

Within any one flowering pattern, there is of course 
much scope for variation. For a given species, a funda¬ 
mental influence must be selection against interspe¬ 
cific pollen transfer and gene flow; this is linked to 
pollinator availability and hence competition for pol¬ 
linators, as in (3) above, and in turn associated with the 
reward structure of the plant. 

However, there are also more subtle but more wide- 
ranging effects, given that any particular plant species 
is also having to optimize other life history attributes 
apart from flowering: relative investment in vegetative 
growth to compete against neighbors for light and nu¬ 
trients, or in flowers and/or seeds; investments in self- 
ing (autogamy and geitonogamy) or outcrossing; in¬ 
vestments in attracting pollinators or defending against 
folivores and herbivores; and in succeeding locally or 
colonizing new habitats. 

Here we should raise the issue of phenological dis¬ 
placement that can occur in a community due to com¬ 
petitive effects between species; the phenomenon is 
dealt with fully in the next chapter as an aspect of 


escaping competition, but is an important potential 
constraint on flowering time for many species. 

How Much Variation Is there within Any One 
Species, Population, or Individual? 

Thus far we have looked at species-specific patterns of 
flowering, and the genetic basis of this flowering time 
control is beginning to be understood and explored: a 
cline in Arabidopsis flowering is modulated by the 
timing gene FRIGIDA (FRI) (Stinchcombe et al. 
2004). But there is also some element of triggering in 
any one year that influences just when a population or 
an individual plant will begin to flower. Timing on this 
scale is well known to be influenced by day length 
(invariant between years) but also by temperature 
(Amasino 2005). Hence shifts in flowering time in re¬ 
sponse to recent climate change are already occurring 
(chapter 29). 

Focal and seasonal variations with climate (and 
hence also with altitude and latitude) are well known, 
with plants delaying flowering in a drought, or flower¬ 
ing later or more sporadically in a cold spring, or at 
higher elevations; clear examples of the latter came 
from communities at the fringes of alpine systems, 
where flowering depended directly on the timing of 
snowmelt (Kudo 1991, 2006). All these effects can 
readily be related to resource availability. Environment 
is also influential in several other ways (see chapter 
10), affecting plant productivity, nectar and pollen 
characteristics, pollinator abundance, etc. Additionally 
there are some quite specific effects of shifts in flower¬ 
ing time within a species in relation to edaphic varia¬ 
tion. For example, the grass Agrostis can shift its flow¬ 
ering time according to soil-based stresses; when 
growing on mine wastes (of which it is especially tol¬ 
erant) the plant flowers slightly earlier, perhaps be¬ 
cause it can thereby stay undiluted by pollen from 
the nontolerant grasses further away from the mine, 
so maintaining its own resistance to heavy metal 
pollution. 

Variation should once again also be viewed in terms 
of synchrony within a species or population. In an 
outcrossing species, stabilizing selection for synchro¬ 
nous blooming across individuals might be expected, 
and was documented in the previously mentioned 
study on Hybanthus (Augspurger 1980). This author 
also reported (1983) that in five other species of shrub 
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intrapopulation synchrony was greatest where the spe¬ 
cific blooming period was shorter, as might be predict¬ 
ed. However, there are also instances of significant 
intraspecific variation within any of the four broad 
flowering categories defined above, with populations 
and individuals showing marked asynchrony. This can 
be quantified by defining full population synchrony as 
1.0 and full asynchrony as 0; on this basis, Primack 
(1980) found populations with asynchrony levels vary¬ 
ing from 0.34 to 0.74 in New Zealand plants, each 
population also varying from year to year. 

Reasons for the favoring of asynchrony may vary 
in different environments and circumstances. Where 
populations are quite small and flowers are long lived, 
asynchrony could increase mating diversity by varying 
the neighbors available for a given plant to mate with 
across time. Where there is intense competition for 
pollinators within a species, as in some mass-bloom¬ 
ing tropical canopy trees, moderate asynchrony may 
be a useful way to share out a limited pollinator com¬ 
munity (Bawa 1983). Similar arguments would apply 
to phased flowering within a single canopy tree, where 
different parts of the crown may be preflowering, in 
full flower, or already in fruit (e.g., Medway 1972; 
Bawa 1983). Synchrony must also be allied to timing 
of events within individual flowers; for example, there 
is strong synchrony within species having very short 
periods of stigma receptivity, such as Arum macula- 
tuin (Ollerton and Diaz 1999). 

Variation can also occur with sex, in dioecious 
plants. Males and females are under different selective 
pressures, and males may therefore flower earlier 
(both daily and seasonally) and for longer (Bawa 1983; 
Charles worth and Morgan 1991). Male plants may 
also flower more frequently, with some female plants 
missing out a particular phenological peak due to over¬ 
investment in reproductive structures in the preceding 
episode (Bullock and Bawa 1981). Similarly, in gyno- 
dioecious species such as Thymus, hermaphrodites 
flower earlier and for longer periods than females (Eh- 
lers and Thomson 2004). 

Variation due to selective pressures from other bi¬ 
otic agents should again be stressed. Flowering may be 
altered locally to avoid herbivores, florivores, or seed 
predators, or to ensure synchrony with seed dispersers 
(and to avoid competition from other plants, i.e., phe¬ 
nological displacement as covered in chapter 22). 
Schemske (1984) showed an effect with herbivores in 
Impatiens pallida, where in mid-flowering periods 


beetles destroyed many of the plants within a forest 
but not at the forest edge; but the former flowered 12 
days earlier on average, which at least limited this ef¬ 
fect. A clear example of florivore influences was found 
for Helianthus, where flower-feeding moths were 
much more damaging on early-flowering plants and so 
acted as the major selective agent on flowering time 
(Pilson 2000). Aizen (2003b) showed the contrasting 
effects of pollinators (hummingbirds, rare on early 
flowers) and of dispersers (marsupials, most effective 
when early flowers reached seed set) on selection for 
flowering times of an Andean mistletoe ( Tristerix ); the 
flowers were mainly produced in winter even though 
the pollinators were rare. And a comparative study 
across three valleys for Astragulus scaphoides showed 
that the benefits of synchrony could vary with site, al¬ 
though at least one economy of scale was evident in 
each valley (Crone and Lesica 2004). 

Finally, it is noteworthy that real flowering patterns 
are rarely neatly symmetrical as shown in figure 21.1. 
In practice, most plants show a skew, either positive or 
negative, and Thomson (1980a) argued that this is of¬ 
ten linked to their place within the flowering commu¬ 
nity. Those that flower early in a season show positive 
skew as they are unfamiliar to pollinators and must put 
on a good early show (see also O’Neil 1997). For ex¬ 
ample, early-flowering plants of Phlox drummondii 
are more showy, attract more pollinators, and achieve 
higher seed set than later-flowering plants, causing di¬ 
rectional selection to flower even earlier (Kelly and 
Levin 2000). But when flowering density is especially 
high there may be a negative effect on flower visitation 
rates, which would favor a more asynchronous flower¬ 
ing (e.g., Gomez 1993). 

2. When to Open a Flower 

Daily 

Most temperate ecologists will be so familiar with 
plants that open their new flowers in the early morning 
that listing examples would be spurious, although 
there are some equally well-known cases that first 
open around midday, and yet others that are inclined to 
open in the evening. The last of these in particular tend 
to be more specialized in morphology and to be linked 
to particular pollinators (moths, bats) that are active 
from dusk onward, so that the most effective pollinators 
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encounter fresh flowers not depleted by day-time visi¬ 
tors. Time of opening may or may not be coincident 
with time of dehiscence (see chapter 7), although there 
is generally some relatively fixed relationship between 
these two events. 


Seasonally 

Seasonal timing of flowering on a broad scale certainly 
has a substantial phylogenetic component, with fami¬ 
lies differing in flowering time and with that difference 
preserved across floras as distinct as North America 
and Japan (Kochmer and Handel 1986). Figure 21.2 
shows characteristic timings for the most important 
families in the North Carolina flora, with (for example) 
Violaceae and Ranunculaceae flowering early, Aster- 
aceae and Convolvulaceae late, and other large fami¬ 
lies with intermediate timings. There are also some 
links with plant habit, trees and shrubs generally flow¬ 
ering earlier than herbaceous plants. 

More precise timing is certainly linked to photope¬ 
riod, which has a direct inducing effect. This could be 
problematic near the equator, but Borchert et al. (2005) 
presented a model for photoperiodic control via detec¬ 
tion of sunrise and sunset times that would work even 
in the equatorial forests of Amazonia. Triggering can 
also be due to rainfall (e.g., Dominguez and Dirzo 
1995) especially in semiarid habitats, or to drought for 
the irregular mass flowering in Asian forests (Sakai et 
al. 2006). Links to temperature also occur (e.g., Ap- 
panah 1993), so that a given plant will start to flower 
later in a cooler spring for example. There are well- 
documented cases of wildflowers blooming earlier as 
global warming sets in (chapter 29; such effects could 
be serious if plants and their visitors are affected dif¬ 
ferentially, leading to an uncoupling of normal sea¬ 
sonal patterning). Mechanistic proximate effects on 
flower timing must be distinguished from ultimate 
causes that relate to selective advantages of flowering 
at a particular time. A major factor there has to be pol¬ 
linator availability, which can be expected to have a 
strong seasonal component in all but the equatorial 
habitats. 

Taking these low-latitude tropical habitats first, 
they can be almost aseasonal, although most do in fact 
show some climatic variation on an annual cycle. Sev¬ 
eral biotic and abiotic features of the environment 
could therefore operate as triggering factors. The wetter 
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Figure 21.2 Timings for the 24 main plant families in the Carolinas, 
United States. A vertical bar marks the mean flowering time; below 
are frequency distributions for six representative early and late 
families. (Redrawn from Kochmer and Handel 1986.) 
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months may yield higher insect or fruit or foliage 
abundance that leads to higher population densities for 
bats or birds, or for the larvae of insects (especially 
caterpillars), so selecting for ideal flowering times that 
coincide with maximum adult pollinator numbers. Or 
the drier months in such habitats may (through reduced 
foliage) allow a more visible floral display, explaining 
a predominance of dry-season flowering in some parts 
of Costa Rica for example (Janzen 1967; Frankie et al. 
1983). In rainforests of northern Australia a large-scale 
study (Boulter et al. 2006) could find no one predictor 
of flowering time (climatic, biotic, or phylogenetic), 
although floral seasonality did link to rainfall and tem¬ 
perature and there was some consistency within gen¬ 
era or families. 

Temperate habitats show strong seasonality, and 
most plants here show a cornucopia flowering pattern, 
but usually with a strong seasonal bias. Basic patterns 
are readily identifiable, with spring-, summer-, au¬ 
tumn-, and rare winter-flowering examples. Some 
linkage with floral rewards probably occurs; species 
with low or no nectar may be selected to coflower with 
nectariferous plants that they resemble (see chapter 
23), whereas the latter may be selected to “escape in 
time” from these deceitful mimics. This may in part 
explain the earlier blooming of particularly nectar-rich 
flowers in some temperate communities (Heinrich 
1975a). Early blooming in temperate woodlands is 
also likely to reflect a need to grow and bloom before 
the canopy closes over with foliage. Another key issue 
in temperate habitats is the time required for seed de¬ 
velopment. Where a larger fleshy fruit is produced, 
most plants have to flower rather early (springtime) in 
order to have the fruits ready in autumn when the main 
migratory seed-dispersing birds are abundant. 

In high latitude and polar communities, and also at 
altitude, flowering may be constrained to a rather short 
spring window, this being the only time when pollina¬ 
tors are reasonably reliably available; this issue is ex¬ 
plored in chapter 27. 

Beyond the simple climatic and latitudinal effects, 
competition within a community may further structure 
each species’ flowering times, with sequential bloom¬ 
ing of plants sharing main pollinator types commonly 
being seen as a potential method to reduce competition 
and reduce interspecific pollen movements. Alterna¬ 
tively, convergence of blooming times may occasion¬ 
ally occur, increasing the overall display and attraction; 
each species can then avoid some of the competition 


by daily staggering of opening, or by varied spatial 
placements of pollen on the visitors. Chapter 22 covers 
these issues in depth. 

Lifetime 

For annual plants, flowering is generally the last phase 
of life, and may be accelerated or delayed by weather 
conditions and by resource availability. But for peren¬ 
nials, this translates into “at what age to flower for the 
first time,” often inevitably linked with plant size at 
maturity, so that trees obviously flower first at a much 
older age than herbs. This may interact with flower 
number and size as well. For example, in Polemonium 
viscosum in the Rockies, the age of plants at flowering 
varied from 2 to 6 years, and had a strong effect on size 
of flowers (Galen 1993), mature plants producing larg¬ 
er displays; a 1-year delay in flowering gave a roughly 
8% increase in corolla length and a 10% increase in 
flower number. 

3. Flower Longevity and Flowering Period 

Natural Lifespans and Floral Displays 

All flowers have a natural aging process due to irre¬ 
versible programmed cell death, largely independent 
of environmental factors (Rogers 2006), and at the end 
of their species-specific natural lifespan they more or 
less gradually become senescent, generally wilting, 
fading, and drooping at the petiole before abscissing 
from the plant. Abscission itself is usually controlled 
by ethylene acting as a growth regulator, although 
auxins may also act by influencing the sensitivity to 
ethylene; these processes were reviewed by Stead 
(1992). There may be some variations within a plant 
or a species due to temperature effects (e.g., Vesprini 
and Pacini (2005) with hellebores), but these produce 
only minor differences, with flowers lasting a little 
longer when the environmental temperature is lower. 
Most commonly flowers last for 1-3 days (fig. 21.3; 
Ashman and Schoen 1996), but longevity from anthe- 
sis to senescence can be as short as a few hours or may 
be up to weeks or several months (especially in or¬ 
chids and asclepiads). The very large variation sug¬ 
gests that longevity in turn reflects adaptation to highly 
varied ecological conditions. Table 21.2 shows some 
of the observed patterns, with flower life lengthening 


490 • Chapter 21 



Floral longevity (days) 

Figure 21.3 Flowering durations for 280 floral species. (Redrawn from 
data assembled by Ashman and Schoen 1996.) 


away from the tropics (where a great many flowers last 
just one day or part of a day) and also with altitude. 
Similar patterns could be recorded within particular 
families such as Fabaceae and Rosaceae (Primack 
1985a). Flower duration also varies with sex, female 
flowers lasting longer (sometimes several times long¬ 
er) than male ones in most dioecious species. 

Examples of very reduced lifespan include Halim- 
ium (a rock rose, Cistaceae) where the flowers open at 
0530, may be pollinated by 0700, and show petal 
drooping from about 1000; or many species of Oeno¬ 
thera (evening primrose) which are open for just a 
few hours in the evening. In Anagallis monelli the 
flowers persist for about 8 days, but their effective life 
is shorter as they show nastic movement each day 
around 1800, drooping down into a nonfunctional 
state, then reviving and opening again around 0900 
next day (and the arrival or germination of pollen does 
not alter this, the flowers still going on cycling for 
about 8 days). 

At the other extreme, Cymbidium orchids have 
flowers that persist for at least 3 weeks, but this can 
extend to 8-12 weeks, attracting vectors throughout 
this period, and they normally only start to wilt once 
pollinated. 

Longevity of an individual flower obviously affects 
the number of flowers that are open on the plant (dis¬ 
play size), and the duration of the floral display, al¬ 
though this relation is complicated by the observation 
that removal of some buds on an orchid plant can in¬ 
crease the longevity of the remaining flowers (Parra- 
Tabla et al. 2009). Flower longevity can in turn influ¬ 


ence the total number of flowers made per plant, 
because the cost of maintenance of an existing flower 
must be balanced against the cost of making new flow¬ 
ers now and in the future. Optimal floral longevity 
is therefore part of the economics of pollination 
(Ashman and Schoen 1994, 1996; Ashman 2004), and 
longevity has substantial effects on the quantity and 
quality of progeny; it should reflect the balance of 
maintenance costs and fitness consequences. 

Determinants and Effects of Increased Longevity 

What factors determine longevity? Primack (1985a,b) 
suggested that there would be a strong influence of 
habitat, some phylogenetic effects where particular 
taxa inherently have longer-lived flowers, and some 
relationship with the breeding system. But his data 
showed very little effect of pollinator type or syn¬ 
drome, except for nocturnal bat- or hawkmoth-polli- 
nated flowers which usually only last one night (see 
table 21.2 part B; the outlier is bird-pollinated Austral¬ 
ian flowers, but the sample is strongly influenced by a 
few species of eucalypts). Ashman and Schoen added 
to the list of crucial influences the cost of making a 
flower, and how quickly a flower is pollinated and so 
fulfils its function. They developed an ESS model (an 
evolutionarily stable strategy) based on these key fac¬ 
tors, in terms of pollen remaining in the flower and 
proportions of ovules fertilized against time. From this 
they could plot isoclines of optimal floral longevity for 
different values of m (the floral maintenance cost rela¬ 
tive to its construction cost), as shown in figure 21.4. 
This reveals that short-lived flowers (t = 1-3 days) are 
favored when pollen and seed fitness accrue rapidly 
(top right-hand corner), and are more strongly favored 
when in is large (where maintenance of the flower is 
costly relative to making a new flower). The main im¬ 
plication is that floral longevity should be strongly re¬ 
lated to rates of pollen removal and pollen deposition 
on stigmas, both of which should be determined large¬ 
ly by visit frequency. Ashman and Schoen showed that 
for 39 genera or species in previously published stud¬ 
ies there was a strong negative correlation between 
visitation rate and floral lifespan (fig. 21.5), so that 
taxa receiving frequent visits were selected for short¬ 
lived flowers, while those with rare visits (often as low 
as 1 visit per 100 hours of flower life) tended to be 
much longer lived. The authors noted that selection 
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Table 21.2 

Mean Flower Longevity against (A) Habitat and (B) Pollinator 



Locality and season 

Mean (days) 

Range 

(A) Habitat 




Tropical forests 

Southeast Asia dipterocarp forest 

1.0 

1-1 


Neotropical dry forest 

1.1 

1-2 


Neotropical rainforest 

1.3 

1-3 


Mangrove forest 

3.3 

2-8 

Temperate forests 

Spring 

6.9 

2-12 


Early summer 

5.7 

1-14 


Late summer 

2.5 

1—4 

Grasslands 

North American prairie 

2.0 

1-4 


New Zealand grassland 

5.9 

1-19 


African savanna* 

1.8 

1—6 

Montane 

Chile 

4.2 

1-15 


New Zealand 

7.8 

3- -15 

(B) Pollinator 





Large bee 

3.1 



Small bee 

4.7 



Butterfly or moth 

~6 



Fly or other insect 

~5 



Hawkmoth 

1 



Bat 

1 



Bird (Australia) 

12 



(Neotropics) 

1-2 



Source: Largely based on Primack 1985a. 
* Author's own data. 


will differ where flowers release pollen in a staggered 
fashion rather than all at once, or where stigmatic re¬ 
ceptivity matures gradually so that pollen receipt is ef¬ 
fectively staggered. 

These kinds of relationship also explain why some 
flowers have particularly long lives in certain commu¬ 
nity settings. For example, Kalmia latifolia flowers 
lasted up to 21 days at a northeastern US site, whereas 
coflowering shrubs lasted on average 3.4 days; because 
Kalmia flowers produced rather little nectar they were 
poor competitors for bumblebee visits and needed to 
flower for longer as a form of reproductive assurance 
((Rathcke 2003). 

Differential effects can also be seen on inflores¬ 
cences, where individual flowers vary in longevity. For 
example, in Aquilegia buergeriana longevity was 
greater in the first flowers than in later ones, especially 


through elongation of the male phase of the flowers 
(Itagaki and Sakai 2006). 

What are the effects of changing flower longevity? 
From a pollination point of view, any increase 
should 

1. increase the size and length of the floral display; 

2. increase the number of visits received; 

3. potentially increase the amount of pollen received 
and the pollen diversity, and hence the parentage 
and genetic diversity of offspring; 

4. allow the plant to outlast coflowering competitors. 

But it may also 

5. potentially increase the heterospecific pollen 
receipt; 

6. increase the within-plant pollen transfer. 
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Figure 21.5 Negative correlation between log floral longevity and log 
visitation rate, each observation representing a mean for a genus. 
(Redrawn from Ashman and Schoen 1996.) 


could increase their longevity when pollinators were 
scarce, although fruit set and seed weight then suffered 
(Castro et al. 2008). The mechanisms involved in se¬ 
nescence after pollination are unclear, often (though 
not always) mediated by the plant growth regulator 
ethylene (Rogers 2006). In carnations, for example, 
ethylene produced from the pollinated stigma was 
translocated via the style to the petals, where it up- 
regulated genes that biosynthesize further ethylene 
(tenHave and Woltering 1997), leading to petal wilt. 
But ethylene-independent pathways are also present in 
many flowers. 

In some plants, effects are exactly opposite and pol¬ 
lination leads to flower retention and delayed senes¬ 
cence. This is potentially useful because, although 
flower lifespan is usually considered in terms of func¬ 
tional life (i.e., a flower still able to donate or receive 
pollen), it may often help to retain old and now func¬ 
tionless flowers on the plant. They then serve as long- 
range attractants contributing to the overall display, as 
long as visitors can then detect their poor status on 
closer inspection. Ideally, the effectively functionless 
flowers will undergo subtle changes as signals to visi¬ 
tors, as discussed in chapter 5 in relation to color 
change. In fact, flower longevity clearly has to interact 
with all the possibilities for postpollination changes, 
which can be of color, odor, shape, orientation, or re¬ 
ward status (Gori 1983; and see earlier chapters on 
color and odor change). All flowers tend to wilt and 
fade or turn brown before abscission, but many also 
have a separate pathway for change, involving induced 
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effects that are not directly related to age but triggered 
by some aspect of visitation. These changes can be 
much more rapid (relative to the normal lifespan), and 
can affect one or more of the modalities in one or all 
parts of the flower. The issue of flower closure after 
pollen receipt was mentioned in chapter 2, for gentians 
and for fireweed (see Clark and Husband 2007), and 
many other examples probably exist, providing a 
clearly adaptive response to avoid wasteful pollen us¬ 
age. In orchids, morphological changes are particu¬ 
larly common, some species showing petals folding 
over to cover the column, others undergoing a swell¬ 
ing of the column, and others again rotating the whole 
flower by 180° so that normal pollinators can no long¬ 
er access the tube (e.g., Angraecum orchids normally 
visited by moths; Strauss and Koopowitz 1973). Alter¬ 
natively, some flowers merely change color in one part 
of one petal (e.g., the alterations to the nectar guide 
color in Aesculus, described in chapter 5), while others 
undergo both color and odor change in the whole flow¬ 
er (e.g., Parkinsonia\ Jones and Buchmann 1974). 

In most cases, a change in advertising signal is also 
accompanied by a change in reward, usually a cessa¬ 
tion of nectar production; and the change can clearly 
be detected by visitors, which then avoid the changed 
flowers in favor of as yet unchanged, unpollinated (and 
still rewarding) flowers. Whatever the change is, it is 
usually followed by a marked period of flower reten¬ 
tion, giving a direct effect on longevity. Thus Lupinus 
flowers last for 5-6 days longer than “normal” if they 
have been pollinated and undergone the change in 
color of their banner petal markings (Gori 1989). 
Table 21.3 gives further examples, including a few 
where postpollination change has the reverse effect of 
reducing longevity as the flower wilts more rapidly 
(some Petunia) or even abscises ( Rhododendron ). 

The mechanisms underlying these changes are 
complex, and probably vary between species, but can 
be broadly split into two categories: 

1. Visitation-induced change. In some plants the 
physical effects of visitation are crucial, and floral 
change occurs when a visitor depresses the keel of a 
legume, or contacts anthers or stigma, or even just 
touches petals. Many such effects may work through a 
classical damage-response pathway in the plant, since 
even minor tissue damage can trigger an ethylene- 
based response leading to classical aging symptoms. 
This pathway is readily seen in action where the deli¬ 


cate petals of some flowers quickly discolor and wilt at 
the slightest touch. 

2. Pollination-induced change. Here the change is 
specifically associated with effective pollination of the 
flower—whether determined by conspecific pollen 
deposition on the stigma, or by some later effect such 
as pollen tube growth or fertilization of ovules. Here 
again though there are suggestions that the ultimate 
pathway may involve ethylene-based signaling, since 
the penetration of style tissue by germinating pollen 
grains is in itself a form of tissue damage and can trig¬ 
ger ethylene production (e.g., de Martinis et al. 2002). 

As a footnote here, a reverse effect should also be 
mentioned; that aging and wilting can of course affect 
a plant’s pollination. Older flowers even before they 
wilt are more likely to self and also become less dis¬ 
criminatory among pollen donors and often set less 
seed (Marshall et al. 2010). Where a flower wilts natu¬ 
rally, but without having been pollinated, the collapse 
of the petals can also have a physical effect on the po¬ 
sitioning of the anthers and ungathered pollen and can 
sometimes thereby induce self-pollination as a system 
of reproductive assurance. This is thought to happen, 
for example, in Pedicularis dunniana (Sun, Guo et al. 
2005), where the wilting of the upper lip presses pol¬ 
len onto the stigma. Other cases were given in chapter 
3, section Methods for Ensuring Selfing, as examples 
of deliberate selfing mechanisms. 

4. How Big Should Each Flower Be? 

The general issue of flower size was considered in 
chapter 2, where effects of support and allometry were 
introduced, as well as the broad effects of visitor type. 
There are strong phylogenetic influences on floral di¬ 
mensions, but within a given taxon substantial varia¬ 
tion also occurs, much of the effective size of larger 
species being attributable to the expansion of substan¬ 
tial sheetlike structures (usually the petals) that form 
the advertisement of a particular flower. Larger sizes 
are thus achieved without too much extra mass or ex¬ 
penditure of valuable resources. 

Not surprisingly, individual flower size is often a 
crucial factor in determining visitor frequencies and 
their effectiveness as pollinators. This may be a major 
reason why flower size is relatively constant within a 
species (e.g., Worley and Barrett 2000; Herrera 2001b). 
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Table 21.3 

Longevity Effects in Flowers with and without Inducible Postpollination Changes 


Species 

Normal 

lifespan 

(days) 

Time to 
change 
(hours) 

Period of 

retention 

following 

change 

(days) 

Change 

Reference 

Caesalpinia 

3-4 

4 

2-3 

{Petal color, and 

Jones and Buchmann 1974 

eriostachys 




{ petal folding 


Caesalpinia 

2 


1-2 


Cruden and Hermann-Parker 

pulcherrima 





1979 

Combretum 

5 


3 


Schemske 1980 

farinosum 






Cymbidium 

35-50 

4 

3-4 

Color, and swelling 

Arditti and Flick 1976 

(various) 




of column 

Harrison and Arditti 1976 

Lantana camara 

3 


2-3 

Petal color 


Lantana trifolia 

2-3 


1-2 

Petal color 


Lupinus nanus 

5-6 


3 

{ Banner petal 

Dunn 1956 

Lupinus bicolor 

2 


1 

{ 

Dunn 1956, Nuttman and 






Willmer 2003 

Lupinus sparsiflorus 

4-5 

4 

3-4 

{ Spot color 

Wainwright 1978 

Lupinus blumeri 

10 

24 

8 

{ 

Gibson, cited in Gori 1983 

Parkinsonia aculeata 




Color and odor 

Jones and Buchmann 1974 

Petunia (various) 

7 

<1 

? 

Corolla collapse 

Gilissen 1977 

Rhododendron 


<1 

0 

Corolla abscission 


(various) 







Cresswell et al. (2001) found that Brassica flower size 
was conserved with varying plant density, the plants 
instead reducing their flower number as density in¬ 
creased. However, there is substantial evidence that 
within a species, all else being equal, pollinators will 
generally select larger available flowers (e.g., Bell 
1985; Conner and Rush 1996; Andersson 1988) or will 
make more visits to plants with large flowers. Thom¬ 
son (2001a) found this effect for lepidopterans but not 
for other visitors working jasmine flowers, and also 
showed that bees and bee-flies had longer handling 
times on larger flowers. A similar effect occurred with 
composite inflorescences (Andersson 1996) and with 
insect pollinators of Madia sativa, which chose blos¬ 
soms with more ray florets (Celedon-Neghme et al. 


2007) albeit with a trade-off for the plant of reduced 
autogamy in the larger blossoms. Most studies have 
shown that large flowers do increase male mating 
success, for example Martin (2004) with Mimulus\ al¬ 
though a few plants with unusual mating systems do 
not match this expectation (e.g., Elle and Meagher 
(2000) with Solanum). Similarly it is generally true 
that more fully open flowers (with a bigger head-on 
display) are preferred over partly open flowers. If visi¬ 
tors do indeed exert selective pressure on flower size in 
this way, then outcrossing animal-pollinated flowers 
should show less variation in flower size than selling 
species, and this was confirmed with a phylogeneti- 
cally corrected comparison (Ushimaru et al. 2006). 

However, the issue of flower size can be compli- 
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Figure 21.6 Manipulating floral sizes in Cistus salvifolius 
results in fewer dispersed pollen grains from the "re¬ 
duced" smaller flowers, with little effect on seed set or 
seedling quality (means ± SEs). (Redrawn from Arista and 
Ortiz 2007.) 



(000's) 


cated by the conflicting predictions of natural selection 
and sexual selection (Abraham 2005), since the former 
(incorporating optimality theory) suggests that re¬ 
wards should largely determine visit frequency, irre¬ 
spective of flower size. Many visitors may prefer larger 
flowers which may house large rewards; but if offered 
larger but artificially less rewarding flowers against 
small and high-rewarding ones Abraham found insect 
foragers switching to the smaller flowers in accord¬ 
ance with optimality predictions. 

To reduce confounding variables, several studies 
have looked at flower size in relation to pollinators 
within a particular taxon and preferably in more equa¬ 
ble habitats. Armbruster (1993, 1996) analyzed evolu¬ 
tionary trends in the genus Dalechampia, with com¬ 
parative analysis of species across three distinct 
geographical areas, and showed a positive relationship 
between pollinator size and blossom size; for example, 
in the Neotropics smaller species were visited by Trig- 
ona bees, medium species by megachilid bees, and 
large species by Eulaema (euglossine) bees. He inter¬ 
preted this size relationship as indicative of selection 
against losing pollen to sympatric congeners and thus 
against sharing of pollinators. 

An alternative approach is to manipulate flower size 
experimentally, as Arista and Ortiz (2007) attempted 
with Cistus salvifolius. Here the smaller flowers suf¬ 
fered reduced pollen export (male function) but female 
success and offspring quality were unaffected, as might 
be expected if flower size is mainly related to attract- 
ants and male fertility (fig. 21.6). Ishii and Harder 
(2006) reduced flower sizes of Delphinium bicolor and 
found reduced visits per inflorescence but increased 
numbers of probes per visit by bees, so that the overall 
number of probes per flower was unchanged. 

Given all this, is it better to have many small flowers 


or a few large ones for roughly the same amount of 
flower tissue produced? Is there a trade-off between 
flower size and flower number? Sargent et al. (2007) 
tested this explicitly, looking at 251 angiosperm spe¬ 
cies with phylogenetic correction, and found a signifi¬ 
cant negative correlation as predicted by the trade-off 
idea (although this did not hold for all of the lower 
taxonomic levels tested). This issue of size versus 
number is clearly strongly interactive with the next 
topic, so we will pick it up again below. 

5. How Many Flowers Should a Plant 
Have at One Time? 

Do More Flowers Get More Visitors? 

It is rather uncommon for plants to have just one flow¬ 
er at a time. Simply, more flowers per plant should 
be more attractive and receive more visitors. This 
could be because they are detected more easily by a 
passing potential visitor, or because they offer reduced 
interflower travel costs after arrival; both may apply, 
and the importance of each may vary with the eco¬ 
nomic costs of the particular visitor. There are many 
well-known cases of larger displays getting more visi¬ 
tors; for example, Augspurger (1980) with the mass¬ 
flowering tropical shrub Hybanthus\ Andersson (1988) 
with bumblebees on Anchusa\ Eckhart (1991) with 
Phacelia\ and Kudo and Harder (2005) with several 
legumes. This generalization applies not only to sepa¬ 
rate flowers but also to aggregated ones: larger inflo¬ 
rescences tend to attract more visitors than smaller 
ones (e.g., Schmitt 1983 for Senecio', Cruzan et al. 
1988 for Phyla ; Thomson 1988 for Aralia\ Makino et 
al. 2007 for Cirsium). And this applies not just to small 
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insect visitors but also to large vertebrate visitors; for 
example, Pyke (1978) with hummingbirds on Ipomop- 
sis, and Paton and Ford (1983) with honeyeaters on 
both Correa and Eucalyptus, showing more and longer 
visits at plants with more flowers. 

In bees, at least, there is some evidence that there is 
an innate receiver bias for particularly strong floral 
display signals, so that honeybees chose a larger or 
more colorful floral display in laboratory tests even 
where there was no associated increase in reward qual¬ 
ity (Naug and Arathi 2007). Such an effect could be 
more widely operative in floral display evolution than 
is currently recognized. 

On the other hand, having more flowers on a plant 
increases the risks of geitonogamous selfing, as dis¬ 
cussed in chapter 3; the plant thus has a real dilemma 
(Klinkhamer and de Jong 1993; Harder and Barrett 
1995): whether to increase its flowering display but 
risk more selfing and greatly reduced pollen export, or 
to limit its attraction by having fewer flowers but where 
each is more likely to be successfully cross-pollinated. 

This dilemma is partly resolved in some plants by 
an ability to adjust their display in relation to their re¬ 
cent visitation ( adaptive plasticity). For example, pol¬ 
linated inflorescences of the orchid Satyrium longi- 
cauda had fewer flowers than unpollinated ones, the 
effect being seen within a few days (Harder and John¬ 
son 2005). The plant could put on a better display 
when visitors were rare but save resources with just a 
few flowers when visitors were abundant. 


Do More Flowers Get More Visits? 

Getting more visitors is one thing, but do individual 
flowers each then get more visits? Paton and Ford 
(1983) found that individual flowers on plants with 
more flowers received more visits from birds. Howev¬ 
er, this is probably not the norm; aggregated flowering 
was shown to result in similar or even/ewer visits per 
flower in rather more cases, and this was modeled to 
be the optimum response for the plant by Iwasa et al. 
(1995). Lloyd and Schoen (1992) reported a very gen¬ 
eral tendency of flower visitors to visit only a fraction 
of the available flowers on any one plant before mov¬ 
ing on. This could have many causes, both intrinsic 
(reward depletion, satiation, a need for other and var¬ 
ied resources) and extrinsic and arising from interac¬ 
tions with other animals (e.g., competition from other 


visitors, mate searching allied to feeding, or predator 
avoidance). Robertson (1992) collated evidence to 
show that pollinators commonly visited fewer than 
10-20 flowers per plant even when many more were 
available. Table 21.4 summarizes some findings on 
this point, for different kinds of visitor. The key ques¬ 
tion is then whether a visitor normally visits a fixed 
proportion of the flowers available to it. 

It turns out that many animal flower foragers in 
practice visit either a nearly fixed or a smaller propor¬ 
tion of flowers as the number of available flowers in¬ 
creases. For example Kudo and Harder (2005) found 
more bumblebee visits to legume inflorescences with 
larger displays but no change in the proportion of flow¬ 
ers visited; whereas Ohashi and Yahara (2002) found 
that bumblebees visited a decreasing proportion of 
flowers on larger displays of Cirsium, as did Stout 
(2000) with bumblebees visiting Cytisus, and Feldman 
(2006) with syrphid flies and bees on Brassica plants. 
Fritz and Nilsson (1994) found rather fixed propor¬ 
tions visited in bee-pollinated Orchis but decreasing 
proportions in butterfly-pollinated Anacamptis. Ar¬ 
royo et al. (2007) found fewer probes per flower head 
by butterflies on larger Chaetanthera inflorescences, 
and Harder and Johnson (2005) found a roughly linear 
relation of flower number to flowers visited by moths 
on Satyrium, although with indications of a reduced 
proportion at high flower number (fig. 21.7A). A simi¬ 
larly shaped relationship occurred with Aconitum co- 
lumbianum visited by bumblebees (Pleasants and 
Zimmerman 1990), where around 20%-25% of flow¬ 
ers were normally visited, but with a slightly declining 
percentage when the number available was unusually 
high (in this case exceeding about 20 per plant) (fig. 
21.7B). And in Myosotis colensoi plants, visited by 
tachinid flies (fig. 21.7C), the proportion of flowers 
visited decreased from almost 100% when only 1-2 
flowers were present to a mean of around 20% when 
100 flowers were present (Robertson 1992). 

The particularly detailed study by Thomson (2001a) 
found that even on one plant the effects varied with visi¬ 
tor type; the number of visits was positively related to 
the number of open flowers on Jasminum for bee-flies 
and butterflies, but with hawkmoths visitation related 
more to flower size. To add further complication, for 
bees the response may change with experience, from 
choosing patches with more flowers initially to choos¬ 
ing patches with fewer flowers but higher rewards after 
a few hours of foraging (Makino and Sakai 2007). 


Table 21.4 

Numbers of Flowers Visited in Relation to Number of Flowers Present 


Plant 

Visitor 

Mean flowers present 

Mean flowers visited 

Percent visited 

References 

Combretum farinosum 

Hummingbird 

>1000 

12 

-1 

Schemske 1980 

Delphinium nelsonii 

Hummingbird 

4.6 (2-8) 

2.2 

48 

Waser 1982; Schulke, cited in 


Bumblebee 


1.6 

35 

Snow et al. 1996 


Halictid bee 


1.4 

30 


Delphinium barbeyi 

Hummingbird 

15* (10-20) 

3.4 

23 

Waser, cited in Snow 


Bumblebee 


2.7 

18 

et al. 1996 

Eichhornia paniculata* 

Bee 

3 

2 

67 

Barrett et al. 1994 



6 

2.5 

42 




9 

3.3 

37 




12 

3.5 

29 


Geranium caespitosum 

Bee 

15* (10-20) 


-50 

Hessing 1988 

Hybanthus prunifolius 

Social bee 

-200 

10 

-5 

Augspurger 1980 

Ipomopsis aggregata 

Hummingbird 

12.3 (10-20) 

6.5 

53 

de Jong et al. 1992; 


Hawkmoth 


4.7 

38 

Snow et al. 1996 


Bumblebee 


2.8 

23 



Butterfly 


2.5 

20 


Malva moschata* 

Bumblebees, 

3 

1.5 

25 

Snow et al. 1996 


anthophorid bees 

6 

3 

50 




12 

3.5 

29 


Myosotis colensoi 

Tachinid fly 

-100 

19 

-19 

Robertson 1992 

Sabatia angularis 

Bee, wasp, hoverfly 

35 

2 

6 

Dudash 1991 


Experimental manipulations. 
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Figure 21.7 Examples of relationships between flowers available and 
flowers visited for (A) moths on Satyrium inflorescences (redrawn 
from Harder and Johnson 2005); (B) bumblebees on Aconitum (re¬ 
drawn from Pleasants and Zimmerman 1990) (both means ± SEs); 
and (C) individual records (log scale) of tachinid flies on Myosotis 
collensoi (redrawn from Robertson 1992). 

Such differences are likely to complicate the whole is¬ 
sue of selection on floral traits. 

Where Does the Balance of Visitor Number 
and Visit Number Lie? 

Figure 21.8 shows an overview: many flowers present 
at once may attract more pollinators per unit time 


(fig. 21.8A); this can increase pollen receipt and re¬ 
moval, but it also tends to increase the number of flow¬ 
ers per plant visited by any one pollinator (fig. 21.8B), 
and so it can affect pollen dispersal and thus the mat¬ 
ing system. Above all, it does increase the risk of self- 
ing (Schoen and Dubuc 1990; de Jong et al. 1993; Bar¬ 
rett et al. 1994; Hodges 1995), so the trade-off for the 
plant is real. There should be a balance of the costs and 
benefits of having more flowers at one time, to achieve 
maximum plant fertility, roughly as in figure 21.8C. 
This issue of optimum floral display size was explic¬ 
itly explored by de Jong et al. (1992), and Ohashi and 
Yahara (1999, 2001). It is partly a composite of the 
issues covered in sections 2, When to Open a Flower, 
3, Flower Longevity and Flowering Period, and 4, 
How Big Should a Flower Be? above, and it varies 
both within and between species, and with plant den¬ 
sity. A fair summary of many findings would be that, 
as floral display increased, 

1. visit rate per plant increased, 

2. number of flowers probed per plant increased, 

3. proportion of flowers probed per plant decreased, 
and 

4. visit rates per flower could rise but were more of¬ 
ten lower, although often only marginally affected. 

As a result, several studies have shown a positive and 
roughly linear relation between overall floral display 
and pollination success for a plant, for example in As- 
clepias (Broyles and Wyatt 1990, 1995), for the or¬ 
chids Calopogon (Firmage and Cole 1988), Orchis, 
and Anacamptis (Fritz and Nilsson 1994), and for 
bumblebee-visited Delphinium and Aconitum (Pleas¬ 
ants and Zimmerman 1990), with or without decreased 
visits per flower. 

It is also possible that plants can “make more” of 
the benefits of increased display, and reduce the risks 
of geitonogamy, by their own behavior. One option is 
to offer highly variable nectar volumes in different 
flowers, so that risk-averse foragers move on to a new 
plant more frequently (see chapters 8 and 23; Bier- 
naskie et al. 2002); or to have a gradient of nectar re¬ 
ward along the spike of a plant. Another option is the 
retention of older (postpollination) flowers to boost the 
display from a distance, as discussed above. 

But there is one additional consideration to take 
into account, in that the effect recorded may depend on 
the spatial scale considered. Veddeler et al. (2006) 
noted that on a field scale bee density per coffee plant 
increased with a decreasing proportion of the plants 
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A 


B 




Floral display size (F) 


Figure 21.8 Models for visitation in relation to floral dis¬ 
play size both for (A) the relative visit rate per plant and 
(B) the number of flowers probed per plant; (C) shows 
the likely causal links. (Redrawn from Ohashi and Yahara 
1999.) 



being in flower at the site (a dilution effect), whereas 
on a per plant or per branch scale bee density increased 
with increasing flower density (a concentration effect), 
with species richness also increasing with flower den¬ 
sity only when viewed at the smaller scales. Patterns 
of visitation therefore need to specify rather carefully 
the scale on which they are recorded. 

Effects on Pollen Carryover and 
Pollen Discounting 

The extent of geitonogamy within a plant will depend 
on patterns of pollen dispersal for each kind of visitor 
(see fig 7.12). How much self-pollen and cross-pollen 
is deposited on a plant’s stigmas during successive vis¬ 
its? Selling rate is likely to be strongly correlated with 
flower number per plant, as shown by Schoen and 
Lloyd (1992) using Impatiens pallida flowers, where 


there was a selling rate of just 6% with one flower per 
plant, rising to 44% when there were three or more 
flowers, implying that selling was mainly geitonoga- 
mous rather than autogamous. Snow et al. (1996) pre¬ 
sented more extensive analyses using Hibiscus mosch- 
eutos, comparing plants with 3, 6, or 12 flowers 
present, and offered to pollinators (bumblebees and 
anthophorid bees) in fixed arrays. With 3 flowers pres¬ 
ent, selling rate was 25%, while with 6 or 12 flowers 
this increased to -50%. Similar tests with Eichhornia 
(Barrett et al. 1994) with 3, 6, 9, or 12 flowers again 
found a rising selfing rate, but the increase was only 
from 18% to 26%. Clearly geitonogamy is an impor¬ 
tant component of selling, even with low numbers of 
flowers, but these studies indicate that the relationship 
between flower number and selfed progeny is usually 
asymptotic. 

The pattern of geitonogamous pollen carryover be¬ 
tween flowers and of outcrossing between plants can 
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be readily modeled in a basic one-compartment 
pollen model (see chapter 7), with a simple decay of 
carryover from a single pool of mixed pollens, and 
several features then emerge (Harder and Barrett 
1996): 

1. Pollinator movement between multiple flowers on 
a single plant will inevitably produce mainly 
geitonogamy 

2. Each recipient plant is likely to receive pollen 
from several outcross donors, but in proportions 
that vary with the number of flowers visited on the 
immediately preceding plants 

3. Each donor plant contributes pollen to several re¬ 
cipients, but probably with a close match between 
the origins of male gametes contributed to the var¬ 
ious flowers on any one plant. 

In practice, geitonogamy will commonly decrease for 
the second and subsequent flowers on any one plant, as 
earlier pollen from outcross donors is revealed beneath 
the most recently acquired self-pollen. 

However, where the visitors are bees geitonogamy 
may well be exacerbated by their tendency to groom 
pollen into the corbicula only when flying between 
plants (Harder 1990b; see chapter 18), so that while 
visiting flowers within one plant they will be moving 
self-pollen rather extensively. This of course raises the 
point that a single-compartment pollen system is prob¬ 
ably quite uncommon, and the effects of flower number 
and visitor behavior often need to be modeled with a 
two-compartment model (fig. 7.12). 

Pollen discounting becomes an issue here (chapter 
7), as the pollen that is wasted in selfing is unavailable 
for crossing; it is probably not important as a cost in 
the rare case where there is a single flower per plant 
but does matter when there are multiple flowers (e.g., 
Ritland 1991; Kohn and Barrett 1994; Harder and Bar¬ 
rett 1996). One way to increase floral display without 
paying the costs of pollen discounting is to incorporate 
flowers that are not pollen donors or receivers— 
“pseudoflowers.” Sterile flowers at the periphery of 
inflorescences are not uncommon, as in some Hydran¬ 
gea, Viburnum, and many Asteraceae. The pseudo¬ 
flowers contribute to long-range attraction but at close 
range can be detected as unrewarding and so are not 
wastefully visited (Gori 1983; Cruzan et al. 1988; 
Weiss 1991). Temporal dichogamy can also be impor¬ 
tant in reducing discounting costs, especially where 
visitors go to the female-phase flowers first. 


6. What Determines Phenological 
Parameters for a Particular Plant Species? 

Do the matters of flower size, number, and longevity 
vary in a consistent or patterned manner, for example 
with habitat, or with type of pollinator? And how much 
variation is there within any one species, or within an 
individual? 

As a broad generalization, flower-visiting animals 
(as with any foraging animals) tend to feed in restrict¬ 
ed areas, moving progressively from one flower to a 
near neighbor, which will increase the chances of gei¬ 
tonogamy and should therefore militate against large 
displays on any one plant. However, empirical data 
show that visitors do generally prefer larger patches, 
or larger inflorescences. Harder and Barrett (1995, 
1996), with Eichhornia, found preference in bumble¬ 
bees for different (manipulated) flower numbers per 
plant as in figure 21.9; the data there are for pairwise 
comparisons of different flower numbers, so that pref¬ 
erence for 6 flowers over 3 flowers was almost the 
same as for 12 flowers over 6 flowers. An increased 
ratio of flowers in the pair led to increased preference, 
rather than flower number per se having an effect (and 
as shown in the last section the amount of selfing re¬ 
sulting in this plant was not very high anyway). 

Preference for larger display could be either be¬ 
cause this is more easily detectable from distance, or 
because the proximity of many flowers decreases flight 
costs, or both. But most studies have found that the 
proportion of flowers probed per patch tends to decline 
with increasing display size; that is, the number probed 
increases, but less sharply than the number available, 
an observation that does not fit easily with normal ex¬ 
planations for foragers preferring larger displays (in¬ 
creased detectability or reduced within-patch move¬ 
ment costs). This may be in part because of competition 
effects: in the Harder and Barrett work (1995, 1996) 
there was a decreasing proportion of flowers visited as 
flower number increased, but this proportion was af¬ 
fected by what other plants were available, being larg¬ 
er when competing plants were particularly low in 
flower number. Hence pollinator (at least bumblebee) 
behavior was context dependent, making the modeling 
more difficult. Ohashi and Yahara (2001) likewise 
modeled how many flowers an animal should visit, 
similarly finding that density dependence confused the 
issue, preference for large displays being lower with 
reduced plant density. 
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Figure 21.9 Mean preferences (± SE) of bees for larger numbers of 
flowers per plant in pairwise tests at different ratios in Eichornia panic- 
ulata. The zero axis indicates no preference; two different trials with 
a ratio of 2 between pairs were used, with 3 vs. 6 flowers and with 
6 vs. 12; numbers above or below indicate the number of bees 
sampled. (Redrawn from Harder and Barrett 1995.) 


For any visiting animal, the decision to move on 
should depend on the decrease in rate of energy gain 
(patch depression). This could arise from the nonran¬ 
dom flower choice of the visitor (i.e., it chose the best 
ones first), especially where there was a spatial pat¬ 
terning to the reward (e.g., a gradient of reward up a 
spike). Or it could stem from the increased risk of re¬ 
visiting already probed flowers, although most studies 
show this to be low; and the risk could be reduced any¬ 
way by high-capacity short-term memory, and/or by 
directional movement within the patch, and/or by foot¬ 
printing, or even by detecting nectar levels before even 
probing the flower. 

What could the plant do about all this to try to max¬ 
imize visits but also increase movement between 
plants? Nonrandom flower choices could be held in 
check by reduced visual signals or reduced patterning 
of reward; or the plant could increase the risk of revis¬ 
iting a flower, and therefore shorten a visit, by reduc¬ 
ing “landmarks” on an inflorescence, with complex, 
close-packed arrangements of uniform small flowers 
so that visitors could not easily remember where they 
had already been. Alternatively, a plant could change 
the balance of within-plant to between-plant move¬ 
ments by making its adjacent flowers open asynchro¬ 
nously or by having more complex tubular flowers 
with longer handling times. 

On balance, though, the benefits of attracting more 


pollinators probably do not outweigh the costs of in¬ 
creased geitonogamy for large displays. A general 
conclusion in the literature has therefore been that 
where plants grow at low densities they should go for 
smaller displays and/or extended blooming, and not 
for larger displays (although other factors such as spa- 
tiotemporal sex separation etc., and abiotic constraints 
on flowering time, may influence this). 

Given all the interactions between the open flowers 
on a plant, it is evident that the functional unit in terms 
of plant mating is not the individual flower but the 
overall floral display. The design of individual flowers 
has to be considered in this context, in terms of both 
ecology and evolution. Hence selection on flower 
number must occur in concert with selection on flower 
size and shape and on floral rewards, with larger inflo¬ 
rescences or more floriferous plants occurring where 
pollen removal is restricted and/or pollen carryover is 
substantial. As yet, major comparative analyses of the 
interactions between flower design and floral display, 
also taking into account plant density in the local area, 
are somewhat lacking. 

7. Where Should the Flowers Be Placed? 

How far can plants manipulate their visitors by spatial 
patterning? There are a number of possible ways in 
which this could happen, although each may also carry 
some costs. 


Spike Inflorescences 

Flowers can be arranged in spikes, opening sequen¬ 
tially from top to bottom or vice versa. Bees are well 
known for visiting spikes that open their flowers from 
base to tip from the bottom upward, and these flowers 
are commonly protandrous, so having older female 
flowers basally and young male flowers at the top (e.g.. 
Delphinium, Chamerion; see fig. 3.13). They may also 
have a pattern of a gradient of nectar reward decreas¬ 
ing from bottom to top, which promotes shorter visits 
and therefore reduced geitonogamy; carpenter bees 
foraging on spikes of Pontaderia with no such nectar 
gradient did tend to stay longer and probe more flow¬ 
ers (Orth and Waddington 1997). But plants may allo¬ 
cate more nectar to female flowers when they have a 
particularly large floral display (Biernaskie and Elle 
2005). 
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However, the top-down pattern of visiting behavior 
is common in flies, and hummingbirds seem to move 
up and down spiked inflorescences at random. Hence 
this kind of manipulation of the visitors only works 
well for certain kinds of plant, and there may be cases 
where offering too many spatial signals can increase 
visit length unhelpfully, as outlined in the last 
section. 

Another aspect of spikes is their relative height, and 
taller spikes may generally get more visitors. In Ver- 
bascum taller plants achieved higher outcrossing rates, 
and the top part of shorter inflorescences did better 
than the lower parts (Carromero and Hamrick 2005). 
These effects are likely to be affected by the density 
and height of surrounding vegetation, and the height 
preferences of particular pollinators. 

Radial Inflorescences 

Flowers may be organized as radial inflorescences, 
such that visitor behavior is channeled into an orderly 
progression around a ring of florets. This occurs in 
hoverflies working on some kinds of Asteraceae, where 
there are indications of a fly detecting completion of a 
full circuit and so reducing wasteful visits for itself 
and excess crossing for the plant (Gilbert 1983; fig. 
13.9). A similar kind of ability to “count” appeared to 
occur in bees visiting radial flowers with several nec¬ 
taries spaced in a ring, observable, for example, with 
Apis and Bombus working Fragaria flowers (fig. 2.14). 
More information on diverse animals’ behavior pat¬ 
terns on radial blooms would be very helpful. 

Flower Position on Larger Plants 

Flowers occurring at different heights on a large shrub 
or tree may attract different visitors, or different visita¬ 
tion rates from any one visitor. For example, the gum 
tree Eucalyptus globulus achieves higher outcrossing 


rates on its upper branches, and Hingston and Potts 
(2005) attributed this to the behavior of birds that for¬ 
aged significantly more in the upper canopy and also 
commenced their foraging bouts more often near the 
tops of the trees. 

Visitor behavior may also be partly controlled by 
positioning flowers on the periphery of a large plant or 
within its interior. Those on the inside will probably 
contribute less to the display, and will require more 
dextrous access flights through the foliage by visitors, 
but they will also experience a different microclimate, 
often having larger volumes of lower concentration 
nectar due to the reduced insolation they receive and/or 
the higher humidity within the foliage. Visitation of in¬ 
ner flowers can also be influenced by simple protection 
effects, since foraging there may afford an escape from 
possible predators or even from over-attentive mates 
(e.g., Stone 1995 with Anthophora bees; plate 29G). 
Some potential pollinators may visit surface flowers on 
a bush or tree early in the day (adequate reward, little 
disturbance) but move to the interior flowers later on 
(better reward, and predators or males more active). 

8. Overview 

There are clearly a number of good reasons why the 
timing and patterning of a flowering season may 
change from year to year or from place to place, and 
why the number of flowers per plant may change sea¬ 
sonally and even within a flowering season. Similar 
and additional reasons may affect the arrangement of 
those flowers and the nectar production per flower. 
Modeling the “ideal” setup for any one plant is there¬ 
fore very complex and has only been partially success¬ 
ful as yet. And we have left out one aspect almost en¬ 
tirely, in that a plant’s “decisions” about flowering 
must also have strong interactions with competitive 
effects—between flowers and between plants—for 
pollinator visits. These additional themes are dealt 
with in the next chapter. 


Chapter 22 

LIVING WITH OTHER FLOWERS: COMPETITION 
AND POLLINATION ECOLOGY 


Outline 

1. Defining the Problem 

2. Reducing Interspecific Competition among 
Plants 

3. Reducing Intraspecific Competition among 
Plants 

4. Reducing Competition among the Pollinators 

5. Maximizing Paternity, Maternity, and Gene 
Flow in Coflowering Communities 

6. Overview 


Plants rarely occur in isolation, but grow and flower as 
part of a community of mixed species; and they are 
rarely visited by just one kind of animal, but receive 
visits from several potential pollinator types, some of 
which will be shared with other plants. Thus plant- 
pollinator interactions have a strong community com¬ 
ponent, and both plants and animals are subject to po¬ 
tential competitive interactions. This was recognized 
very early on in pollination biology (e.g., Robertson 
1895; and see review by Mitchell et al. 2009). How¬ 
ever, many early studies largely side-stepped the issue, 
merely looking at a single plant and its visitor(s) or a 
single animal and the flower(s) that it visited, and thus 
often misrepresented the selective forces they exerted 
on each other. 

What exactly is competition in the context of pol¬ 
lination? It is usually treated from the perspective of 
the plants, but competition is also likely to occur 
among and between the pollinators, and both these as¬ 


pects must be taken into account. Competition can 
also occur at various levels—as a structuring factor in 
communities, as a selective force on an individual 
plant’s phenology, morphology, or rewards, and also at 
a genetic level structuring pollen competition between 
males, and female choice between possible mates. 
Hence this chapter deals with a series of different but 
interactive issues. 


1. Defining the Problems 

Plants: Competition for Pollination 
Types of Competition 

Plant competition could be subdivided into the widely 
used ecological terms interference competition (one 
pollinator moving between two plant species, so re¬ 
ducing the effectiveness of its visits) and exploitation 
competition (one plant species receiving more visits, 
and so decreasing the visits to another). 

However, Waser (1983a) proposed a specific defini¬ 
tion of competition in pollination ecology as follows: 
any interaction in which co-occurring plant species 
suffer reduced reproductive success because they share 
pollinators. This can still be divided into the two dif¬ 
ferent kinds of interaction: 

1. Competition through interspecific pollen trans¬ 
fer, causing losses of pollen or of stigmatic surface, 
and hence of effective pollinator movements. This af¬ 
fects both male and female function and output. It can 
occur in both wind- and animal-pollinated systems, 
and even when pollinator numbers are not limiting. 
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2. Competition through pollinator preference, 
where one species attracts pollinators away from oth¬ 
ers and so reduces their reproductive output. This is 
only possible in animal pollination, and when pollina¬ 
tor numbers are limiting. 

Competition between plants is therefore probably bet¬ 
ter referred to as competition for pollination, rather 
than for pollinators, although authors have differed as 
to which is more important (Silander and Primack 
1978; Pleasants 1980, 1983; Waser 1983a). 

The subdivisions of competition given above could 
also be seen as equivalent to: 

1. Plants competing for pollen quality. If pollinators 
are abundant and indiscriminate or messy, plants may 
struggle to avoid clogging of their stigmas with self- or 
foreign pollen. Pollen quality is essentially pollen “pu¬ 
rity,” since heterospecific pollen directly wastes the 
male function and also wastes the female function by 
blocking up the stigmatic surfaces uselessly. Hence 
competition for pollen quality means that plants are 
competing for visits by high-fidelity visitors, and it 
can be either intraspecific or interspecific. 

2. Plants competing for pollen quantity. If pollina¬ 
tors are limited, plants may have to compete to get 
enough visits with enough cross-pollen deposited, and 
intraspecific and interspecific competition will again 
both be operating. Essentially the plants compete to 
get as many visits as possible, by being as attractive as 
possible. 

Competition for pollen quality may on balance be 
more important in most situations, and is well docu¬ 
mented in various careful studies of interspecific inter¬ 
actions; for example Campbell and Motten (1985) ma¬ 
nipulated the densities and mixing of two spring 
flowers Claytonia virginica and Stellaria pubera, and 
found that the latter suffered lowered seed set when 
forced to compete with Claytonia. This resulted from 
losses of Stellaria pollen to Claytonia stigmas, rather 
than any reduction in visitation (in this case by bee- 
flies). And when the rather similar Mimulus ringens 
and Lobelia siphilitica were artificially grown together 
(Bell et al. 2005) there was a 37% reduction in seeds 
per fruit in Mimulus, as those flowers received less 
conspecific pollen. 

Mitchell et al. (2009) produced a useful overall pic¬ 


ture of the interactions involved in competitions for 
pollination, reproduced in figure 22.1, highlighting the 
effects of both visit number and visit quality. 

Potential Outcomes of Competition 
Competition can usually only be detected by its out¬ 
come, which may be a numerical change in one spe¬ 
cies, or a change in its resource use; Thomson (1980b) 
termed the latter a “niche shift.” Most obviously, the 
immediate numerical outcome for a plant will be a re¬ 
duction in seed and eventual progeny, although it may 
also sometimes be the production of maladapted hy¬ 
brids or even local extinction. But it could additionally 
promote evolutionary divergence in resource use, 
where one aspect of resources is the pollinators. The 
former is more likely via pollinator preference effects, 
but the latter is more likely to lead to stable changes in 
floral traits and only rarely to extinction (Waser 1983a). 
However, in practice, the outcome as seen by a con¬ 
temporary observer may well be quite different, as one 
or more of the plants have adapted some aspect of their 
morphology, behavior, or rewards to avoid the worst 
effects of competition; this issue is explored in more 
depth below. Thomson’s paper stressed that both kinds 
of competitive effect are likely to affect community 
structure. 

Interspecific or Intraspecific 

Interspecific competition effects are usually the more 
obvious, but competition could occur between pheno¬ 
types within a plant species, and so could also be in¬ 
traspecific. At this smaller scale, individuals of differ¬ 
ent phenotype compete in both their male and female 
functions, to maximize their genetic contribution to 
the progeny, which potentially produces competition 
to attract pollinators, to receive pollen, or to be pollen 
donors. Pollen grains themselves may compete at the 
stigma to reach the ovules, and fertilized ovules prob¬ 
ably compete not to be aborted. 

If coexisting plants overlap in flowering period and 
attract some or all of the same pollinators, they should 
compete for those pollinators (inter- or intraspecifical- 
ly) whenever the plants occur above a certain density, 
and one or two plants (or species) in the community 
may then outcompete the others. For example, Mos- 
quin (1971) found that cornucopian Salix and Tarax¬ 
acum pulled pollinators away from earlier-blooming 
plants as soon as they started to flower. Likewise, in 
orchards, the presence of many dandelions in the grass 
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Figure 22.1 A conceptual framework showing 
the interactions that affect competition for pol¬ 
lination, through ecological and evolutionary 
variation (A) and its effects on visits (B), on pol¬ 
len (C), and hence on seeds (D) and eventual 
fitness (E). The upper half of the figure involves 
female function, the lower half male function 
(seeds sired). (Redrawn from Mitchell et al. 
2009.) 



beneath trees affected the pollination of apples (Mains), 
which received fewer visits (Free 1968); here the apple 
flower’s stigmas became clogged up with the foreign 
pollen, affecting the success of legitimate pollen, a 
case of classical interference competition. 

Where there is fairly constantly competition be¬ 
tween species, there is likely to be selective pressure 
on the species that are “losing out” to change some 
aspect of their morphology or behavior—perhaps to 
increase their reward, to enhance their attractants, or to 
change aspects of daily timing or of seasonal flower¬ 
ing period. The first two kinds of change might lead to 
receipt of a greater proportion of visits from the cur¬ 
rent pollinators, while any of these changes could lead 
to a more effective sharing of pollinators between 
competing plants (enhanced, for example, by chang¬ 
ing stigma or anther positions so that pollen was placed 
and collected from a different part of the visitor’s body. 


avoiding mixing of pollens). Alternatively, a plant un¬ 
der competitive pressure could change some trait(s) 
that would result in different pollinators being attract¬ 
ed, or it could even to switch to wind pollination or 
selfing. 

But where they occur at low densities two or more 
plant species may in practice enhance each other’s 
success by attracting more pollinators overall and thus 
helping to maintain a pollinator community for each 
plant (e.g. Rathcke and Lacey 1985; Moeller 2004). 
That balance could be sensitive to small changes in 
pollinator and plant abundance, from week to week or 
from year to year. If the situation remained fairly con¬ 
stant, with mutual facilitation of the plants’ pollination 
at low densities, the result could even be convergence 
of flowering times and of attractive features (the pollen 
clogging problems would remain, however, so that 
subtle stigma and/or anther changes could still be 
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selected for). Over longer time periods, this kind of 
facilitation potentially leads to mutualistic mimicries, 
along with some interposed cheats, as discussed in 
chapter 23. 

Animals: Competition between Pollinators 

Here there is less potential for confusion. Pollinators 
are mainly competing for food resources, and the com¬ 
petition is usually rather direct and obvious, in the 
short term appearing as aggression, and as competitive 
exclusion in time or space or both. Over longer time 
periods, this should lead to structured communities, 
with coexisting species again diverging, so that they 
are just different enough from each other in their flow¬ 
er-visiting preferences, or behaviors, or phenology, or 
perhaps in their morphology (e.g., Heithaus 1974, 
1979; and see Thomson 1980b). These kinds of effects 
are covered in section 4, Reducing Competition among 
the Pollinators. 

However, there are also competitive effects to be 
seen where an alien bee or other pollinator has been 
introduced into a community, and these possibilities 
are dealt with in chapter 29 as one of the threats to pol¬ 
lination services. 

Seeking Evidence for Competition 

Competition is very commonly cited as a reason for 
character differences, leading to the observed general 
correlation between floral diversity and pollinator di¬ 
versity. It seems intuitively obvious that there has been 
parallel adaptive radiation of the flowers and of the 
pollinators, shaped by competitive interactions. But 
clearly this is also linked to the debate over specializa¬ 
tion in pollination systems (chapter 20), and whether 
specialization inevitably occurs as plants are selected 
to avoid competition and adverse hybridization. 

In practice the evidence for competition is often far 
from clear. As always in ecology it is very hard to 
prove that any change has been due to competition, as 
all we usually see is the “ghost of competition past,” 
often as limited niche overlaps (Rosenzweig 1981; 
Pritchard and Schluter 2001). It is particularly hard to 
get clear evidence from observational studies of single 
communities; rather easier where several communities 
are compared, and easier still where experimental ma¬ 
nipulations are used (Connell 1975; Waser 1983a). It 


is often unclear just how far pollinators are limiting to 
plant success; if they are not, then competition for 
their services is likely to be relatively unimportant 
anyway. While it is true that many plants fall well short 
of 100% possible seed set, this is very often at least 
partly due to limiting energy supplies (e.g., Sutherland 
1980; Udovic 1981) rather than to limiting pollinator 
visits. However, there are good records of plants where 
seed set is significantly correlated with visit frequency 
(e.g., M. Zimmerman 1980), and very numerous cases 
where seed set is significantly higher with hand-polli¬ 
nation, implying pollen or pollinator limitation. 

Because of the inherent problems of establishing 
proof of competition, the evidence here is compiled 
largely in terms of how competition might be, or might 
have been, reduced. 

2. Reducing Interspecific Competition 
among Plants 

In general, selection is supposed to work to reduce 
competition among coexisting species, so the expected 
outcome would be divergence along some axis. Differ¬ 
ences between plants in a community could therefore 
be assumed to result, partly or wholly, from segrega¬ 
tion due to competition for pollinators. This could 
involve 

1. spatial separation; changing location to get a dif¬ 
ferent subpopulation of pollinators, and so reduc¬ 
ing interspecific visits; 

2. temporal separation or phenological displacement, 
changing time of flowering to bloom at a time 
when the plant can get pollinators’ undivided 
attention; 

3. changing floral morphology or attractants; to at¬ 
tract more pollinators, or to attract a different 
pollinator; 

4. changing floral morphology more subtly; so that 
the same pollinator gets pollen on a different part 
of its body; 

5. Changing reward structure; which could reduce 
the need for phenological or structural change (al¬ 
though detecting this may be particularly 
difficult); 

6. Switching pollination mode; changing pollinator 
type, or moving to wind pollination or selfing. 

Note that methods that reduce exploitation competi¬ 
tion also always reduce interference; but the reverse is 
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not always true, since (for example) increased pollina¬ 
tor constancy, or spatial segregation, does not neces¬ 
sarily reduce exploitative interactions. 


Spatial Displacement 

The first possible response to competition involves 
biogeographic effects and is probably not uncommon. 
For example, Hurlbert (1970) showed that a greater 
temporal overlap between pairs of goldenrod ( Solida- 
go) species was accompanied by greater spatial sepa¬ 
ration. Pleasants (1980) found a similar set of patterns 
with five coexisting Asteraceae in the Rockies. 


Phenological Displacement 

Plants with substantial pollinator overlap might reduce 
or avoid competition by blooming at different times 
(mentioned in chapter 21). This could apply to both 
animal- and wind-pollinated plants, since both can 
suffer from competition through interspecific pollen 
transfer. The effect was noticed anecdotally in the late 
nineteenth century, when Robertson (1895) recorded 
that in northeastern America there was a succession of 
flowering from spring onward, with morphologically 
similar flowers coming in sequence rather than togeth¬ 
er. He also noted (1924) that introduced plants tended 
to have longer flowering periods than natives. Since 
then many other observational studies have reported 
similar effects, from arctic through to tropical zones 
(see Waser 1983a). 

The effect is most clear-cut where there are just a 
few species in a community, or where only two species 
interact. For example, early-season flowering was fa¬ 
vored in Cynoglossum only where it overlapped with 
more attractive Echium, even though this put the Cyn¬ 
oglossum flowers out of phase with the peak bumble¬ 
bee activity (de Jong and Klinkhamer 1991). 

Displacement effects are much more difficult to de¬ 
tect in complex temperate and tropical habitats, and 
flawed arguments are sometimes used. However, 
Pleasants (1980) showed a regularly spaced (nonran¬ 
dom) pattern of flowering in Rocky Mountain meadow 
flowering communities, and Waser documented chang¬ 
es in flowering time for this Rocky Mountain flora that 
reflected competition for pollinators. He compared 
Ipomopsis aggregata flowering periods at two loca¬ 
tions (Waser 1983a) and showed that the plant bloomed 




Figure 22.2 (A) Ipomopsis aggregata flowering times at sites in Arizo¬ 
na, Colorado, and Utah, with and without Penstemon barbatus that 
competes with it for hummingbird pollinators. (B) Direct comparison 
of Ipomopsis flowering at just two locations, with the additional pres¬ 
ence of Penstemon or Delphinium species. Ipomopsis when on its own 
normally flowers in july, but may flower in July or in August depend¬ 
ing on what else is in flower, and when in competition for pollinators 
it may switch to later flowering even at warmer, more southerly sites. 
(Redrawn from Waser 1983a.) 


later in southern Arizona than in Colorado, explicable 
in terms of the flowering time of the main species 
competing with it for hummingbird visits at each site 
(fig. 22.2), whereas climatic effects alone would pre¬ 
dict the opposite trend. He also compared this plant 
when flowering with and without Penstemon barbatus 
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Table 22.1 

Percentage Seed Set in Floral Populations Coflowering in and out of the Period of 
Overlap, in Separated Control Populations, and in Competition Plots with 
Induced Overlapping Coflowering 


Natural meadows 



Nonoverlap 

Overlap 

Control plots 

Competition plots 

Ipomopsis 

aggregata 

10 

14 

9-14 

6-9 

Delphinium 

nelsonii 

42-49 

26-29 

39-42 

26-31 


Source: Waser 1978b. 


in the south-central United States; sometimes one 
flowered first and sometimes the other, suggesting real 
responses to competition rather than a natural fixed 
timing in either species. 

However, pattern does not necessarily imply pro¬ 
cess (i.e., underlying competition) even if no other ex¬ 
planation can be thought up. Waser (1978a,b, 1983a) 
avoided this problem in part by setting up an experi¬ 
mental study using Delphinium and Ipomopsis species, 
again in the Rockies. Both are hummingbird pollinat¬ 
ed, and in their natural habitats they flower sequen¬ 
tially, D. nelsonii first (see fig. 22.2). Waser transferred 
some plants of each up and down the mountains in 
pots. Normally those at low altitude flower earlier, but 
his manipulations allowed both plants to be flowering 
at the same time in certain mixed plots. They were 
then visited indiscriminately by the birds, and he 
showed a significant reduction in seed set in the mixed 
plots compared to the sequential sites (table 22.1). 

For phenological displacements in natural situa¬ 
tions to be firmly established, there must be evidence 
of reduced seed set when two species overlap com¬ 
pared to the nonoverlap periods; and visit rates per 
flower before, during, and after the overlap period 
should be recorded to establish the nature of the com¬ 
petition. Experimental evidence by bagging some 
flowers on one of the competitors during overlap and 
showing competitive release (as extra seed set) in the 
other is also useful. A substantial review of phenology 
patterns in plants by Rathcke and Lacey (1985) showed 
a range of reasonably well-supported examples of such 
displacement, and thereafter the idea became fairly 


widely accepted as an explanation of how competition 
might act. 

However, several critiques have pointed out that we 
may have got the whole idea of phenological displace¬ 
ment out of proportion, for various reasons: 

1. Inadequate statistical testing. At the very least, 
there have to be good statistical analyses of flowering 
periods to establish that there is regular temporal spac¬ 
ing. For example Poole and Rathcke (1979) reanalyzed 
Stiles’ data (1977) for ten hummingbird-pollinated 
plants and showed that peak flowerings were clumped 
mainly in relation to two dry seasons, and thus the pat¬ 
terns could be explained without invoking competi¬ 
tion. However, earlier studies were not all deficient 
in this respect. Poole et al. (1979) used an analytical 
system that is conservative, depending only on peak 
flower date and ignoring the shape of the flowering 
curve; better statistical methods use computer simula¬ 
tions which can also retain the shape of the flowering 
curve. Thus Pleasants’ study (1980) cited above used 
simulation models with his meadow communities and 
found that overlaps in flowering for at least half the 
pollination guilds were indeed significantly smaller 
than predicted on a random model. Results from such 
methods were reviewed by Pleasants (1983). Other 
suitable approaches were used by Stone et al. (1996, 
1998) in assessing daily phenologies in acacias. 

2. Most early studies looked at all plants in a com¬ 
munity, although in practice subsets of plants in differ¬ 
ent pollinator guilds were probably not competing 
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with each other and no phenological spacing would be 
expected anyway. For bees, plants that are visited only 
for nectar are unlikely to be competing strongly with 
those visited only for pollen, and vice versa. Pleasants 
(1983) pointed to the need, ideally, to combine statisti¬ 
cal phenological analysis with an understanding of 
guild structure and reward structure (cf. Sakai et al. 
1999 in dipterocarp forests, or Lobo et al. 2003 with 
bombacaceous trees in the Neotropics). 

3. The situation may be complicated further by 
likely asymmetries of underlying competition; an 
abundant species overlapping in flowering time with a 
rarer species is unlikely to lose too many visits, but 
the rare species may suffer severely, and is more like¬ 
ly to be the one to diverge in phenology (or in some 
other feature); but most models do not incorporate 
asymmetries, which may not predict “regular” bloom¬ 
ing distributions. 

4. Any of the other methods of reducing competi¬ 
tion described here may also be operating, so that phe¬ 
nological spacing alone does not describe or detect the 
full competitive interaction; and phenological shifts 
may not occur at all if a competitor can invade and 
establish itself in a community just by being more at¬ 
tractive to the visitors. 

5. Inadequate comparative methods may conceal 
phylogenetic constraints. Kochmer and Handel (1986) 
pointed out that each plant species and sometimes 
whole genera or families share similar flowering times; 
and when they examined similar areas of north tem¬ 
perate plant communities in North America, Europe, 
and Japan, with similar families and genera, they cal¬ 
culated that by far the biggest effect on flowering time 
was phylogenetic, suggesting that only limited diver¬ 
gence from ancestral flowering patterns was possible. 
So, for example, Viola species always flower in spring. 
Erica always in late summer, most of the temperate 
Fabaceae in early summer, and most of the Asteraceae 
in later summer (see fig. 21.2). Their review suggested 
that flowering time is a conservative character, and any 
competitive effect from pollinators may be fairly mi¬ 
nor in comparison. A similar conclusion was reached 
by S. Wright and Calderon (1995) for a range of tropi¬ 
cal species. However, others have assumed that flow¬ 
ering time constraints would be more relaxed in the 
tropics (see Bawa 1990), and certainly there are some 


cases of related species flowering at different times; 
for example in southeast Asia, where Shorea species 
flower in succession in the canopy (Ashton et al. 1988), 
even though all tend to fruit at the same time. It seems 
that phylogenetic constraints can sometimes be over¬ 
come by strong selection. Lack (1982) offered the ex¬ 
ample of UK hay meadows, which had been mowed 
down in July over several centuries, and where there is 
now a massive flowering peak in June even in species 
that elsewhere flower later (e.g., knapweed, Centaurea 
nigra, and devil’s-bit scabious, Succisa pratensis). 

6. Morales et al. (2005) suggested that in seasonal 
habitats where the flowering period is restricted rather 
few species will be able to flower early or late and 
more will have to be concentrated in the middle (the 
geometric mid-domain ), because of the time needed 
for flower development and fruit maturation. Hence 
regular distributions of timing are rather unlikely in 
such habitats. 

Note that sequential phenological patterning of 
flowering is not necessarily just a case of reducing 
competition anyway; it can also help both plant spe¬ 
cies (or many species) by maintaining the pollinator 
community, since the animals have to be fed outside 
the flowering period of any one plant. In other words, 
as mentioned in the last chapter, sequential flowering 
has some other community-level advantages—the var¬ 
ious plants are providing resources for an insect’s or 
bird’s complete life cycle. By building up a good pop¬ 
ulation of pollinators all the plants benefit (although 
later flowerers benefit more from earlier flowerers than 
vice versa, at least within a season). Waser and Real 
(1979) proposed that this was important for Delphini¬ 
um nelsonii and Ipomopsis aggregata, which may 
overlap a little and share the same visitors, but which 
help maintain pollinators for each other and thus in the 
long run for themselves. This effect may also be im¬ 
portant for bat-pollinated plants; Lobo et al. (2003) 
found various species of Bombacacaeae flowering in 
differently staggered patterns in different locations, 
the bats specializing on whichever tree was at its peak 
at any given location and thus taking only one pollen 
type at a time over several weeks. 

In this scenario, it would then be a real advantage 
to be convergently similar in appearance to other spe¬ 
cies, but sequential in flowering. An effect of this kind 
is often proposed in western Europe for common 
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hedgerow species of Rosaceae (e.g., Yeboah Gyan and 
Woodell 1987a,b), with successive flowering of haw¬ 
thorn, then one or more species of wild rose, and then 
bramble; all have rather similar flowers, and they get a 
similar visitor spectrum in turn. This can be seen as a 
sequential mutualism when the situation is of benefit 
to more than one plant. 

However, this whole story may sometimes work the 
other way, as briefly mentioned earlier: rather than 
spreading their flowering out sequentially to avoid 
competition and/or sustain the pollinator community, 
some plants stay flowering together and instead get 
facilitation effects, a form of Mullerian mimicry in 
flowering time. Schemske (1981) demonstrated floral 
convergence and pollinator sharing in two species of 
Costus (ginger family, Zingiberaceae) in the tropical 
forests of Panama. Here the two species had a large 
though not complete natural phenology overlap, and 
were shown to benefit from flowering synchronously. 
The flowers lasted 1-2 days, with very similar mor¬ 
phology and nectar availability (C. allenii 28 mm 
nectary depth, C. laevis 31 mm), and both used a eu- 
glossine bee as vector. This bee moved freely between 
the two species. Schemske used fluorescent powders 
to mimic pollen, and this turned up on both species’ 
stigmas. Both achieved high fruit set (71% and 58%, 
respectively); and crucially there was no decrease in 
fruiting in the overlap period—in fact it was somewhat 
enhanced. Probably the presence of the other species 
gave double the nectar availability and increased the 
overall attraction to bees. Since the two species are 
intersterile, they could both still function; and there 
was little risk of pollen clogging, because neither plant 
was particularly abundant. 

Rathcke (1988a,b) suggested a comparable temper¬ 
ate example, where the herbs on Rhode Island were 
converging on flowering time to get facilitation, al¬ 
though the evidence was not clear-cut. Thomson 
(1981) also recorded per flower visitation rates in sev¬ 
eral yellow and orange Asteraceae that were enhanced 
in the presence of other plants sharing the same visi¬ 
tors, suggesting a facilitating effect; he calculated that 
visitors were assessing overall flower density over a 
range of about 1000 m 2 for solitary bees and 500 m 2 
for bumblebees. More recently Geber and Moeller 
(2006) showed data for three Clarkia congeners that 
indicated facilitation, with pollinator availability and 
visit rate increasing with the number of congeners 
present (fig. 22.3). This facilitation effect may even be 
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Figure 22.3 The facilitation effects of increasing numbers of conge¬ 
ners coflowering with Clarkia, resulting in increased pollinator visit 
rates and lowered pollen limitation (measured as the difference in 
seed set between the open-pollinated flowers and those receiving 
supplemented hand-pollination). (Redrawn from Geber and Moeller 
2006.) 


important for flowers that have no morphological sim¬ 
ilarity, since Raphanus has been shown to receive 
more visits when coflowering with typical arable 
weeds ( Cirsium, Solidago, Hypericum), at least when 
these occur in relatively low density (Ghazoul 2006); 
this can perhaps be partly explained by a complemen¬ 
tarity of rewards. On the assumption that such effects 
may well be more important than currently recognized, 
Buchmann and Nabhan (1996) suggested a widespread 
need among plants for other flowers to be around, sup¬ 
porting the required pollinator through (and more es¬ 
pecially just before) their own flowering season. Feld¬ 
man et al. (2004) tried modeling possible facilitations 
between two pollinators, finding that this could occur 
depending on the species’ relative density, but was 
likely to be rare. However, Hegland, Grytnes et al. 
(2009) explored the occurrence of positive and nega¬ 
tive interactions explicitly, with a community of 15 
plant species in temperate grassland visited by bum¬ 
blebees and/or flies. While most of the pairwise inter¬ 
actions (on visitation rates) were not significant, they 
found 17 statistically supported interspecific interac- 
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tions, of which 14 were significantly positive, often 
between plants with similarly colored flowers. It seems 
from this that negative (competitive) interactions be¬ 
tween coflowering plants may not after all be the dom¬ 
inant ecological community-level process, although 
data on the eventual reproductive output of species in 
such communities are still lacking. 

Note that with synchrony and facilitation it might 
still be possible to reduce interspecific pollen move¬ 
ments and thus reduce competition, by having spatial 
differences in pollen placement or diurnal differences 
in flower opening or in the timing of pollen and nectar 
availability. 

In fact, phenological displacement itself could op¬ 
erate diurnally, not just seasonally as in most of the 
classic cases examined; and there is now clear evi¬ 
dence that competitive diurnal temporal displacement 
does occur. Early reports included diurnal separation 
of visitation for Erigeron and Viguera in Rocky Moun¬ 
tain meadows (cited in Pleasants 1983), based on dif¬ 
fering dehiscence times (morning for Viguera , after 
midday for Erigeron). A more impressive example 
was reported with East African acacias (Stone et al. 
1998). Acacias are highly speciose but all very similar 
in flower morphology, and with no barriers to hetero¬ 
specific pollen deposition. All attract mass visits, and 
in savannas they may be the only plants in flower for 
parts of the season. Flowers mostly only last one day, 
but crucially within that they dehisce at different times. 
Figure 7.9 showed the outcome for five species that 
coflowered at the start of the rainy season in Tanzania; 
anthesis and dehiscence were evenly (nonrandomly) 
spaced through the day, and the window of pollen 
availability was rather narrow for any one species. 
Visitors had similar peaks of foraging on particular 
species of tree; hence visits in a particular daily “win¬ 
dow” were all or mainly to one species of acacia. And 
since visitors were mainly bees (grooming off body 
pollen at regular intervals), they were probably fairly 
free of heterospecific pollen by the time they went to 
the next dehiscing acacia. For these plants, dehiscing 
in a tight peak could also be relaxed when not needed: 
figure 22.4 shows that a sixth species in the same habi¬ 
tat, A. thomasii , had no daily peaks, flowering alone in 
the dry season when there was little or no competition. 
The precision of these patterns may link to the very 
long evolutionary stability of East African acacias and 
savannas, giving them enough time to have evolved 
such neat temporal divergence. 


All these examples show that reducing or moving 
flowering seasons can help reduce competition. How¬ 
ever, another possible solution to the competition prob¬ 
lem is to increase floral longevity and flowering sea¬ 
son, so that a plant can tolerate competition for part of 
its flowering period from some temporally overlap¬ 
ping species. There may be good adaptive reasons for 
both very short and very long flowering, depending on 
the plant community. 

The other kind of evidence for the operation of such 
effects, in either direction, would be cases of the same 
plant in different communities having different flower¬ 
ing times. Here there is a need for caution, as the dif¬ 
ferent communities may well vary in climatic and 
edaphic factors that could independently affect flower¬ 
ing time. Once this is taken into account, though, there 
are a few examples of species showing apparent char¬ 
acter displacement in flowering times. Carpenter 
(1976) showed that in Hawaii two tree species (a myr¬ 
tle Metrosideros and a legume Sophora), both polli¬ 
nated by honeycreepers, coflowered with only a small 
temporal overlap at lower elevations, but at altitudes 
where only one of them was present it had a much lon¬ 
ger flowering period, extending into the lowland over¬ 
lap period. 

Of course there may be other factors affecting flow¬ 
ering time (see Ollerton and Lack 1992). There will be 
a need to have seed ready for dispersal at the appropri¬ 
ate time, so flowering will be constrained by how long 
it takes for the fruit or seed to mature; and several fac¬ 
tors may determine the “appropriate” time beyond just 
germination conditions; for example, keeping seed 
abundance out of phase with seed predators if possible, 
or in phase with fruit dispersers (perhaps less of an is¬ 
sue because these are usually long-lived vertebrates). 
A good example from the tropics was reported for Hy- 
banthus, where there was higher seed predation on 
shrubs that were induced to flower outside their usual 
short highly synchronized season, when they perhaps 
normally saturated the seed predators (Augspurger 
1981). 

Changing Plant Morphology to Attract 
Different Pollinators 

Here, diversity of flower shapes and colors could 
be seen as evidence in itself, as it must often have 
originated through competition in the past. But more 
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Figure 22.4 The dehiscence timing of Acacia thomasii on 
four individual trees in Kenyan savanna: unlike most spe¬ 
cies in the same habitat (see fig. 7.9) dehiscence is not 
synchronous (above), and mean pollen availability is al¬ 
most constant through a day when averaged across trees 
(below). (Redrawn from Stone et al. 1998.) 


specifically, plants should expect to promote pollinator 
constancy by differing in floral morphology on a local 
scale. Flowers with more unusual morphologies are 
most able to achieve floral constancy in visitors (Wad- 
dington 1983; chapter 11), and a negative correlation 
between morphological similarity and degree of tem¬ 
poral overlap (equated to degree of competition) was 
reported by Anderson and Schelfhout (1980) for a 
group of prairie composites (fig. 22.5). There is rea¬ 
sonably strong evidence that particular pollinators 
show constancy to shape, color, or scent, or to aspects 
of behavior such as foraging height, as covered in 
chapter 11, and any of these axes of constancy could 
be exploited by the plant. Examples for visual and ol¬ 


factory signals were given in earlier chapters, and 
Waddington (1979) found that species sharing pollina¬ 
tors were more likely to be different in inflorescence 
height than those not sharing pollinators. To complete 
the list, the correlations of corolla length and tongue 
length are perhaps the clearest example of a shape ef¬ 
fect, where different corolla tube lengths can promote 
resource partitioning among nectar feeders and so im¬ 
prove conspecific pollen transfer (Rodriguez-Girones 
and Santamaria 2007). How far tongue length and co¬ 
rolla length (or spur length) are strictly involved in a 
coevolutionary “race” is open to debate (see Ennos 
2008; Hodges and Whittall 2008), and better phyloge- 
netically corrected studies are needed here. 
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Figure 22.5 (A) PCA analysis for 31 prairie composites, based 
on floral features; of three PCA axes used, these two best sepa¬ 
rate the species, with PCA 2 strongly linked to blue flower 
colour, erect flowers, and large inflorescences and PCA 3 
linked to white flowers with angled heads and large inflores¬ 
cences; hence white flat-topped species are in the upper right 
region, yellow sunflower types in the left, and blue flowers in 
the lower right. From this, similarities between pairs of species 
(total nos. of pairs as open triangles) can yield the data shown 
in (B), indicating that the more similar two flowers are the less 
likely they are to overlap in their flowering periods (closed dia¬ 
monds). (Redrawn from Anderson and Schelfhout 1980.) 
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It might be expected that for any two competing 
species the rarer one would be more likely to diverge, 
so there might be evidence of rare species being more 
attractive than their abundant relatives (Pleasants 
1983). This effect has been noted by some (e.g., Beattie 
et al. 1973; Heinrich 1976b) but rarely tested for. How¬ 
ever, Pleasants did record a negative correlation (r = 
-0.82, p<0.01) between species abundance and spe¬ 
cies attractiveness (although this was scored as number 
of visits per flower) in Rocky Mountain meadow flow¬ 
ers; he attributed this mainly to increased nectar pro¬ 
duction rate in the rarer plants (see the next section). 

Reasonably clear evidence comes where one spe¬ 
cies differs in morphology according to the presence 
or absence of other interacting species. For example, 
two subspecies of Polanisia dodecandra were reported 
as sympatric in some zones, and where they co¬ 
occurred one subspecies had smaller flowers and 
shorter anthers (litis 1958), with some color distinc¬ 


tion also appearing. In the genus Solatium, the degree 
of protrusion of both male and female structures dif¬ 
fered substantially for species pairs where they were 
sympatric, the differences disappearing for species on 
their own; and the morphological differences in sym¬ 
patric pairs appeared to constrain effective visitation 
to particular sizes of bee, so minimizing interspecific 
pollen movements (Whalen 1978). Changes in color in 
areas of sympatry were also classically reported for 
Phlox (Levin and Kerster 1967) and for Clarkia (Lew¬ 
is and Lewis 1955). 

Again, evidence from experimental manipulations 
may be more convincing, and early work by Levin was 
particularly clear. Levin and Kerster (1967) used Phlox 
species with different color morphs, and found that 
P. pilosa was strongly dominated by pink morphs when 
it grew alone but that when it coflowered with P. glab- 
errima (which is always pink) its populations were 
dominated by the white morph. When pink P. pilosa 
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were transplanted into a mixed species population they 
were more frequently visited (by the main pollinating 
butterflies), and suffered much greater interspecific 
pollen transfer, than the naturally occurring white 
forms. Later, Levin (1978) exploited the differing in¬ 
florescence heights of two Lythrum species as a further 
test, constructing mixed arrays and observing foraging 
Apis', he found that interspecific flights decreased 
markedly when the height difference was greatest. 

Changing Plant Morphology to Alter 
Pollen Placement 

When visitor constancy is poor, it might still be pos¬ 
sible for selection to manipulate floral morphologies 
rather more subtly to reduce interference competition, 
by altering pollen placements on the visitors’ bodies. 
Sprague (1962) showed that two Californian louse- 
worts, Pedicularis groenlandica and P. attolens, shared 
bumblebee pollinators but placed their pollen respec¬ 
tively on the underside and the head of the visiting 
bees. Likewise, Macior (1970) showed that coflower¬ 
ing species of Pedicularis in arctic and alpine regions 
of North America shared pollinators, but differed 
slightly in corolla length and in color, leading to differ¬ 
ences in pollinator behavior and resulting pollen place¬ 
ment. For a very different flower type, Macior (1971) 
showed that pollinia from several co-occurring Ascle- 
pias species were located on different parts of the vis¬ 
iting bumblebees’ bodies. 

There are also well-known examples of differential 
pollen placements for hummingbirds in a range of 
plants (Stiles 1975; Carpenter 1978b; Brown and 
Kodric-Brown 1979), and for butterflies with Phlox 
(Levin and Berube 1972). A further neat example 
comes from flies visiting the Cape flora, where two 
taxonomically very distinct flowers, a Pelargonium 
(Geraniaceae, dicot) and a Lapeirousia (Iridicaeae, 
monocot), were visited by the same genus of long- 
tongued nemestrinid fly Prosoeca. Flowers of these 
genera are normally very different, but there they con¬ 
verged on a similar zygomorphic form (Goldblatt et al. 
1995) (fig. 22.6), although the Lapeirousia deposited 
pollen on the head of the fly and the geranium depos¬ 
ited its pollen ventrally. 

Another clear example came with bat-pollinated 
flowers in the genus Burmeistera (Muchhala and Potts 





Figure 22.6 Frontal and side views of flowers in a southern African 
guild of long-proboscis fly-pollinated flowers, showing the conver¬ 
gence of form: (A) Pelargonium, (B) Lapeirousia, also showing the dif¬ 
ferent pollen placement in each (ventral head and thorax and dorsal 
thorax and abdomen, respectively). (Modified from Goldblatt et al. 
1995.) 


2007). Different species (and different populations 
within species) showed varying degrees of exsertion of 
the reproductive parts from the corolla, and this fea¬ 
ture determined where on the bats’ heads the pollen 
was deposited. Coflowering species showed signifi¬ 
cant over-dispersion of exsertion length, suggesting 
local evolution to reduce interspecific pollen flow. 

Finally, Smith and Rausher (2008) found convinc¬ 
ing evidence of character displacement in a morning 
glory, Ipomoea hederacea, which when grown in the 
presence of I. purpurea showed a change in anther po¬ 
sition toward clustering around the stigma; a coflower¬ 
ing congener was affecting the pattern of natural selec¬ 
tion in a way that would contribute to reproductive 
isolation between the species pair. 

Changing Reward 

Ffere the evidence for divergence to avoid competition 
is unclear, not least because characterization of nectar 
rewards is so fraught with difficulties (chapter 8). Per¬ 
haps the clearest cases come where some nectarless 
populations may occur, for example in Lobelia cardi- 
nalis (Brown and Kodric-Brown 1979), or where some 
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shift in reward type has occurred, as in Dalechampia, 
where some coexisting species have shifted to resins 
rather than nectar, with less overlap in flowering than 
would be expected if no interactions were occurring 
(Armbruster 1986, 1992). 

A related issue here may be changing the response 
to rewards from the pollinator’s perspective. Honey¬ 
bees have a markedly higher threshold for nectar con¬ 
centrations to elicit recruitment behavior in the early 
summer, when flowers proliferate and nectar flow is 
abundant, than they have in midsummer, when flowers 
are still abundant but many more visitors are about and 
competition between flower visitors is rather high 
(Lindauer 1948). Thus, by late July and August, Apis 
will recruit to species with flowers where the nectar 
concentration is tenfold lower than the level they re¬ 
sponded to a month earlier, and they are apparently 
adjusting their acceptance level to circumstances 
(fig. 22.7). 

Changing Pollination Mode 

This ought to be rather difficult to detect, but in fact 
sometimes the evidence is quite clear. One good ex¬ 
ample occurs with mountain laurel ( Kalmia latifolia ) 
in North America, which is self-fertilizing where it 


grows along with competing Vaccinium erythrocar- 
pum, and bees ignore it; but it is outcrossing where the 
Vaccinium is not present, and there it gets sufficient 
bee visits (Rathcke and Real 1993). 

Summary 

From all the above examples, it is apparent that com¬ 
petition between plants for pollinators really does oc¬ 
cur, and that the longevity and patterning of flowering 
or dehiscing are part of the solution from the plants’ 
point of view. One recent example from an invasive 
plant may help to seal the case. Impatiens glandulifera 
(Himalayan balsam) is currently spreading widely and 
fast in Europe, especially on riverbanks, and it is also 
classed as one of the five worst aggressive invaders in 
North America. As a very fast-growing annual, it 
mainly seems to succeed by competitively “swamping 
the pollination market” (Chittka and Schurkens 2001); 
it is the most nectar-rich flower to be commonly found 
in Europe, with ten times the rate of sugar production 
of the next best species, and often literally overflowing 
with nectar (see plate 19G). Hence it takes visitors 
away from many native species; for example, Stachys 
received 50% fewer visitors when growing close to 
it. The natives thus suffer reduced seed set, while the 
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balsam thrives and spreads and explosively strews 
around thousands of its own seeds. 


3. Reducing Intraspecific Competition 
among Plants 

Intraspecifically, an individual plant could perhaps 
succeed competitively by being just a little bigger, 
brighter, more rewarding, etc., than its neighboring 
conspecifics. But any one individual must not push 
this too far at any one time or place, or it will be at 
risk 

1. with improved advertisements, of the visitor not 
recognizing other slightly less showy flowers as 
being of the same species; 

2. with rewards, of the visitor becoming replete and 
not needing to go to other flowers. 

Plants that outcompete conspecifics may severely 
compromise their own reproductive success by failing 
to receive or donate pollen adequately compared with 
other plants that stick to the norm for the species. 

Intraspecifc effects have rarely been examined, per¬ 
haps for these reasons, but Caruso (1999) compared 
intra- and interspecific competitive effects for Ipomop- 
sis and found the latter to be stronger. 

4. Reducing Competition among 
the Pollinators 

In searching for evidence here, the best source is most 
likely to be bees, since of all the pollinating taxa they 
are the most entirely dependent on flowers. Effects are 
indeed best known in multispecies communities of 
bumblebees. 


Community-Level Effects 

In the United States, Heinrich (1976b, 1979a) and 
Pleasants (1980, 1983) established that there were 
characteristically only four common Bombus species 
in any one area, one long-, one medium-, and one 
short-tongued, with a fourth fitting in at any tongue 
length but with a different seasonality (or sometimes 
with a nectar-robbing habit) (see also chapter 18). 
Each species was the primary visitor to a subset (guild) 


of the available plants, although these guilds were 
somewhat overlapping. Segregations among the polli¬ 
nator communities thus gave a niche separation axis 
for the plants, only those within one particular bum¬ 
blebee species’ guild being competitors with each 
other. Pleasants also reported a change in the reward 
structures for these different guilds, with 93% of the 
long-corolla flowers having both pollen and nectar, but 
only 50% and 16% of the medium and short corolla 
flowers, respectively, offering both rewards. Inouye 
(1978) calculated that within a community the bum¬ 
blebees present differed in tongue length by a factor of 
about 1.3. 

In the United Kingdom, the six most common Bom¬ 
bus species do differ in size and tongue length (table 
22.2) (Prys-Jones and Corbet 1991), and the overlap 
where they co-occur is often quite small. These au¬ 
thors also noted that the longest-tongued bees tended 
to prefer horizontal flowers, and that the phenologi- 
cally earlier bees (foraging up to June) were more 
likely to take both pollen and nectar on any one trip 
than the late-summer and autumn bees, both these fac¬ 
tors potentially helping to preserve separation and re¬ 
duce competition. 

However, at more northern sites in Europe the over¬ 
lap in flower-visiting between bumblebee species in¬ 
creases (Ranta et al. 1981; Ranta 1984), with overall 
larger body sizes and (perhaps allometrically linked) 
longer tongues. There is also a tendency for more spe¬ 
cies to co-occur (6-11 at a given locality, though only 
5-6 for a given habitat type; although in Poland up to 
16 species may co-occur; Goulson et al. 2008). This 
may be because higher-latitude habitats are generally 
more patchy with a highly mosaic structure (Ranta and 
Vapsalainen 1981), giving a less predictable resource 
base through a whole season, with smaller bee colo¬ 
nies and a lower ability to exclude other species. 

Overall, these studies indicate that there is always 
some overlap in flowers used by bumblebees at all 
sites, reflecting the flexibility of the bees and their 
marked inter- and intraspecies variation in size and be¬ 
havior; but that there are probably morphological dis¬ 
placements within most communities that would re¬ 
duce or avoid competition. 

Additional evidence that competition is a real struc¬ 
turing factor in bumblebee communities comes where 
competitive release has been demonstrated. Inouye 
(1978) showed that Delphinium barbeyi and Aconitum 
columbianum were both visited mainly by two bum- 
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Table 22.2 

Characters and Differences of Common Worker Bumblebee Species in England 



pratorum 

lucorum 

lapidarius 

terrestris 

pascuorum 

hortorum 

Average tongue length (mm) 

7.1 

7.2 

8.1 

8.2 

8.6 

13.5 

Main active period 

June 

August 

August 

)uly-August 

August 

June-July 

Flower visits: 

Mean corolla length (mm) 

7.4 

5.1 

5.1 

6.3 

8.3 

8.7 

% of visits 

for nectar only 

23 

71 

75 

80 

60 

38 

for pollen only 

10 

28 

12 

11 

7 

5 

for both P and N 

67 

1 

13 

9 

33 

57 

to pendant flowers 

39 

1 

0 

7 

13 

16 

to horizontal flowers 

28 

38 

35 

40 

61 

71 

to upright flowers 

33 

61 

65 

53 

26 

13 


Source: After Prys-Jones and Corbet 1991. 


blebees, with Bombus flavifrons (medium-tongued) 
commoner on the monkshood (corolla length 8.4 mm) 
and B. appositus (long-tongued) commoner on the del¬ 
phinium. However, when the primary visitor in a given 
monospecific patch was removed, the secondary visi¬ 
tor increased its flower visits significantly. In each 
case, Inouye showed that the primary visitor normally 
reduced the nectar availability to a point where it was 
not profitable to the other bee, so excluding it; but 
when the primary visitor was removed the secondary 
visitor experienced competitive release. 

Diurnal competitive effects also occur (Heinrich 
1976a; Pleasants 1983) and are perhaps more convinc¬ 
ing than longer-term effects. For example, B. bifarius 
and B. flavifrons (short- and medium-tongued bumble¬ 
bees, respectively) were both recorded visiting three 
plant species in meadows in the Rockies, but their 
daily abundances on each changed in opposite direc¬ 
tions (fig. 22.8, from Pleasantsl983). This arose be¬ 
cause early in the day the short-tongued bee exploited 
newly opening rewards (pollen in Polemonium, nectar 
in Helianthella), leaving some shared plants to be ex¬ 
ploited profitably by B. flavifrons. When B. bifarius 
returned to Rudbeckia and Helianthella later on, the 
medium-tongued bee was again excluded. (Note that 
temperature effects may be playing a part here, as out¬ 
lined in chapter 10; and the study contained no detailed 


information on the plants’ reward structures, so is in 
part inferential.) 

Thus far the bumblebee examples have mainly con¬ 
cerned differences in tongue length, but bee body size 
also matters, and additional examples of this occur 
in the next section. The presence of honeybees proba¬ 
bly also affects bumblebee community structures; for 
example there are very short-tongued Bombus species 
in North America, not present in Europe (Heinrich 
1979a), perhaps because there is less competition from 
hive bees in most parts of the United States. But Apis 
presence can certainly affect bumblebee communities 
in the United States too; when Apis was naturally ab¬ 
sent in some localities after a hard winter, Pleasants 
(1981) found local increases in short- and medium- 
tongued bumblebees, such that total bee numbers were 
almost exactly retained. 

In the tropics more complex bee communities oc¬ 
cur, and about half of all the bees in any one tropical 
zone are social (Roubik 1989, 1992), with very large, 
very long-lived, and highly flexible colonies. These 
social bees tend to visit over a huge area and to be 
highly generalist, especially in southeast Asia where 
four species of Apis are dominant, with a long flight 
range and an extensive plant list, taking advantage of 
very sporadic flowering that acts against specializa¬ 
tion. However, where there is a degree of seasonality 
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Figure 22.8 Diurnal patterns of two Bombus species activities in Rocky 
Mountain sites, foraging together on three different plants. Solid 
lines, short-tongued Bombus bifarius, ~5.8 mm; dashed lines, medi- 
um-tongued Bombus flavifrons, ~7.8 mm. See text for more details. 
(Redrawn from Pleasants 1983.) 


in the tropics there is a trend to get more longer- 
tongued species toward the end of the flowering sea¬ 
son, as diversity of flowers goes down and a higher 
proportion are of the large showy flower type with 
steady-state flowering. Roubik (1992) suggested that 
this and other patterns were indicative of a good deal 
of convergence in the bees, such that unrelated genera 
resemble each other in different continents, which he 
believed was suggestive of adaptive shaping by com¬ 
petitive interactions. 

Competition between flower visitors might most 


easily be seen at work in urban, disturbed settings 
where flowering plants can be sparse and often com¬ 
plicated by introduced exotics. However, Frankie et al. 
(2005) documented such effects in Californian cities 
and found less competition and less resource overlap 
than expected. First, the flower visitors (mainly bees) 
showed marked spatial and temporal sorting on the 
flowers (linked in part to sizes and colors and environ¬ 
mental tolerances, as in so many other examples). But 
additionally they found that plants appeared to be in¬ 
ducing separation by offering different reward patterns 
in different individuals. 

A survey of the literature as a whole suggests that it 
may well be that these two mechanisms for reducing 
competition between flower visitors—spatiotemporal 
sorting and individual reward variation—are the two 
most commonly employed. 


Competition on Particular Plants 

The main evidence for such effects again comes from 
work with bees, and particularly with Bombus. Bum¬ 
blebee size affects competition markedly, for example 
on goldenrod ( Solidago ) where Morse (1977) showed 
that smaller species such as B. ternarius would nor¬ 
mally forage all over the plant, but retreated to the 
smaller outermost flowers on the inflorescence when 
larger bees such as B. terricola turned up and monopo¬ 
lized the flowers nearer the stalk, these larger bees be¬ 
ing too heavy to land on the outer flowers. 

Further examples can be seen for other bees. Willmer 
(1986) showed that two species of carpenter bee 
(Xylocopa) coexisted on Calotropis flowers as their 
main floral resource in an Israeli desert, but overlapped 
relatively little on a temporal scale, as the larger darker 
bee foraged at flowers in the morning and evening 
while the smaller species mainly visited in the warmer 
hours around midday (fig. 22.9). Willmer and Corbet 
(1981) reported several species of Trigona bee of 
differing sizes and coloration spaced out along micro¬ 
climatic axes largely determined by shade in their 
visits to Justicia flowers in Costa Rica (fig. 22.10). 
Similar effects of size and color in stingless bees have 
been reported by Pereboom and Biesmeijer (2003), al¬ 
though in Trigona it is also common to see direct com¬ 
petition and fights, where the larger species usually 
wins (Johnson and Hubbell 1974). Four species com¬ 
peted on Santiria trees in Malaysia (Nagamitsu and 
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Figure 22.9 Two species of carpenter bee ( Xylocopa ) foraging on 
Calotropis procera in Israel, the larger and darker X. pubescens working 
early and later while the smaller X. sulcatipes forages in the warmer 
hours, avoiding only the very hottest midday period. (Redrawn from 
Willmer 1988.) 


Inoue 1997b), with Trigona canifrons aggressively ex¬ 
cluding the other three species during peak nectar 
flow; the others coped by arriving earlier at the trees, 
and in some cases returning later in the day as well 
(fig. 22.11). 

Most flower visitors except for bees have other food 
sources, so there is rather little evidence of competi¬ 
tive interactions between butterflies (where larval food 
is far more critical) or hawkmoths (which even in 
Madagascar are fairly unselective between the various 
appropriate flowers); and beetles and flies are very op¬ 
portunist, rarely competing with each other. Hoverflies 
might be an interesting exception, but there is in prac¬ 
tice little evidence (Gilbert and Owen 1990) for com¬ 
munity structures of the bumblebee type; specialist 
species do occur but appear to fluctuate with climate 
and other life-history factors, rather than with flower 
availability. 

Moving away from insects, there is good evidence 
of community structure in hummingbirds (chapter 15), 
with coexisting groups of long- (curved), medium-, 
and short-beaked species partitioning the floral re¬ 


sources, especially of Heliconia species in Central 
America and the Caribbean (Stiles 1975). Feinsinger 
and Colwell (1978) commonly found two or three spe¬ 
cies of hummingbird on islands, each with different 
characters and flower choices (one territorial short- 
beak, one long-beak nonterritorial trap-liner, one less 
specialist). In larger island communities these three 
types were joined by some “marauders” and “filchers” 
(see chapter 15), plus often a very long-beak under¬ 
story high-reward trap-lining hummingbird. 

Other birds, from the perching groups, are less de¬ 
pendent on floral food, and again tend to show less 
community structure, although there may be some pat¬ 
tern in Australian honeyeaters (Carpenter 1978b), and 
in South African sunbirds and sugar birds. The coex¬ 
isting species in these examples again differ in mor¬ 
phology, beak length, territoriality, and aggression. 

Bats, however, are largely structured by factors 
other than flowers, with considerable overlap in flower 
usage (usually rather more so than in the fruits that are 
the main diet at other times or for other species) 
(Heithaus et al. 1975). 

5. Maximizing Paternity, Maternity, and 
Gene Flow in Coflowering Communities 

Since males are the motile sex and females stationary, 
plants can be considered as showing male-male com¬ 
petition to “win” fertilization of females, and female 
choice to select between competing males, just as oc¬ 
curs in so many animals. Hence there is also a need to 
consider competition at this more genetic level. 

Male Competition and Female Choice 

The male components of flowers (or male plants in di¬ 
oecious species) must compete by display and reward 
to get visitors and thus (potentially at least) become a 
pollen donor and sire some seeds. All the aspects of 
visual and olfactory display and advertisement cov¬ 
ered in chapters 5 and 6, and of rewards covered in 
chapters 7-9, come into play here. However, there may 
be constraints on display due to the plant’s architecture 
and spacing, while both advertisement and reward 
may be constrained by the resources available (set 
against other needs of plant growth). 

Another aspect of male competition resides with 
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Costa Rica, with diurnal patterns related to 
their size and color resulting in reduced competition at 
any one time and place on the plants (see also fig. 10.13). 
(Redrawn from Willmer and Corbet 1981.) 


the pollen itself, the male gametophyte. Chapter 7 de¬ 
scribed how each pollen grain must compete with oth¬ 
ers, to germinate, to grow its pollen tube, and to fertil¬ 
ize the ovules of the plant. 

The female component of a plant can exercise 
choice by the interactions of the style with different 
pollens; some may be selectively blocked, at various 
levels in the stigma, style, or ovule, while others are 
favored. There may also be subsequent (often very ex¬ 
tensive) abortion of excess seed, which can be selec¬ 
tive, at the level of selfed seeds being unfavored rela¬ 
tive to crossed seeds and even for different variants of 
crossed seeds (Lee 1988; Marshall and Ellstrand 1988; 
Rigney 1995). 

In practice, though, it is hard to tell male-male 
competition from female choice (see Stanton 1994). It 
is rather likely that (as is well documented in other 
kinds of organisms) certain combinations of alleles 
coming together work particularly well, so that both 


processes are probably occurring. Thus some pollen 
donors seem to do well in any female, but others will 
only do well in certain females and are worse perform¬ 
ers in others (Marshall and Folsom 1991; Stanton 
1994). 

Gene Flow: Pollen Dispersal and Seed Dispersal 

Gene flow in plant reproduction, where there is biotic 
pollination, depends above all on the visitors’ behavior 
patterns, especially their interplant flight distances. 
But overall gene flow is not merely determined by pol¬ 
lination interactions. Pollen competition, discussed 
above and in chapter 7, may lead to somewhat in¬ 
creased gene flow and more heterozygosity in a popu¬ 
lation, with less selfing, and this sets some constraints 
on net gene flow, by determining the genetic constitu¬ 
tion of an individual seed in a particular place. 
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Figure 22.11 Nectar patterns and bee activities on 
Santiria trees, where Trigona canifrons excludes other 
bees at peak nectar times, so that the less aggressive 
bees only forage much earlier and sometimes later 
(when nectar concentration remains high but pollen 
levels per flower are declining). (Modified from data in 
Nagamitsu and Inoue 1997b.) 



The quality of a particular cross may also be deter¬ 
mined by the degree of genetic similarity between the 
parents: too similar could yield the familiar inbreeding 
depression, but too dissimilar could also be a problem, 
with outbreeding depression between closely related 
species or between relatively isolated populations of 
one species. There may be an intermediate degree of 
outbreeding that is optimal, and this too could affect 
competition. By extension, this could occur within a 
single population and lead to a preference for relative¬ 
ly small (physical) distance between mates, seen as an 
optimal outcrossing distance. For Delphinium nelsonii 
and Ipomopsis aggregata the actual outcrossing dis¬ 
tances were shown to be shorter than the calculated 
optima in the Colorado Rockies (Waser and Price 
1983). For example (fig. 22.12) the delphinium crosses 
generally gave better seed set with outcross distances 
of 3 m or 10 m than with 1 m or with any distances of 


30 m or more. It is important though, that for birds, 
bees, and hawkmoths, the mean flower-to-flower 
flights were much smaller than the optimal outcross¬ 
ing distances, with less than 10% of flights for either 
plant species carrying pollen the optimal distances. 
The authors speculated that the discrepancy between 
achieved and optimal outcrossing distances was a con¬ 
sequence of the conflict in plant-pollinator relation¬ 
ships; what is optimal for the plant conflicts with the 
inherently lazy and cost-cutting tendencies of the ani¬ 
mal visitors (chapter 10). 

Gene flow in practice proved to be highly localized 
in that study, at least as simply measured by pollinator 
behaviors and as assessed in the FI generation. The 
same is true for some other temperate studies (e.g., 
Lertzmann with Castilleja, cited in Waser and Price 
1983). However, Fenster (1991a,b) found some FI 
fitness increases in Chamaecrista fasciculata at all 
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crossing distances up to 1 km, although natural neigh¬ 
borhood sizes as determined by pollen flow were only 
2-3 m in diameter. Fenster and Galloway (2000) with 
the same plant showed FI superiority at distances of 
up to 2000 km, with relatively little loss of fitness even 
through to the F3 generation. Rather similar results 
have been reported for some tropical plants (e.g., Inga, 
Koptur 1984, where outcrossing at 1000 m was more 
effective than at 500 m or less), and for some desert 
plants (e.g., Datura, where the optimal outcrossing dis¬ 
tance was several kilometers). Although the evidence 
is still patchy, it may be that optimal outcrossing range 
is often high and does show some correlation with 
habitat, perhaps covarying with seed dispersal range. 

This naturally raises the more general and crucial 
point that after pollination the remainder of the gene 
flow in a plant population is due to seed dispersal. It is 
likely that (as with pollen dispersal) this has been seri¬ 
ously underestimated in the past, often due to an over¬ 
attention to primary dispersal and ignoring secondary 
movements (Levin and Kerster 1974). Seeds move 
away from their parents in many ways, often in a dor¬ 
mant state, long after their first transit from the seed 
pod to the ground; wind, flood, and motile animals 
ranging from ants to large mammals all play their part 
here. Survivorship of seedlings also matters and is 
rarely considered; in the Waser and Price study, for 
example, seeds surviving into their second year gave a 
rather different pattern, with the 1000 m crosses pro¬ 
ducing the best outcome. Meagher (1986, 1991) at¬ 
tempted to take all these processes into account and 
produced an intensive analysis of populations of the 
lily Chamaelirium luteum, which showed that genetic 
mixing was in practice quite limited, most plants being 
sires of seeds in a nearby female, and most seeds mov¬ 
ing only short distances. 

Far more detailed and longer-term studies are still 
needed, since the genetic constitution of a given plant 
population is evidently a composite resulting from 
many factors acting over long time scales. 


6. Overview 


Figure 22.12 (A) Outcrossing distances versus seed set for hand- 
pollinated Delphinium nelsonii, for different years and sites, usually 
peaking at 3-10 m. (B) Actual interflower distances flown by bees 
and hummingbirds at the same sites, usually less than 1 m. See text 
for discussion. (Redrawn from Waser and Price 1983.) 


Competitive effects between plants for pollination, 
and between pollinators for access to plant rewards, 
are almost certainly rather common though difficult to 
identify with absolute clarity. Available studies show 
effects in plant communities that can be attributed to 
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escape from competition, but rather rarely do we have 
experimental evidence from manipulative studies to 
confirm this explanation. Structuring of pollinator 
communities, at least for bees and hummingbirds, is 
likewise strongly suggestive of competitive exclusion 
over varying time periods, with good correlative evi¬ 


dence from comparisons of communities at different 
latitudes or on islands. It may be that evidence for 
competitive effects is becoming clearer in the last few 
decades as pollinator communities increasingly come 
under threat and some members are displaced or lost, 
a theme taken up again in chapter 29. 


Chapter 23 


CHEATING BY FLOWERS: CHEATI 
AND CHEATING OTHER 


NG THE VISITORS 
FLOWERS 


Outline 

1. Mimicry of Flowers 

2. Mimicry of Objects Other than Flowers 

3. Overview 


Since pollination is not an altruistic exercise, and there 
is a conflict of needs, both plants and pollinators are 
liable to cheat to their own benefit, and deception is 
very common in pollination biology (reviewed by 
Wiens 1978; Little 1983; Dafni 1984; Renner 2006). 
For a plant, this essentially means getting pollinated 
and hence fertilized without giving up any reward or 
resources. This can commonly be achieved by resem¬ 
bling a rewarding species, so attracting scouting ani¬ 
mals by deceit, or less commonly by mimicry of ob¬ 
jects other than flowers to which pollinators might be 
attracted for reproductive purposes. For a visiting ani¬ 
mal, on the other hand, cheating will primarily mean 
extracting nectar or pollen in ways that do not carry 
any pollen to another flower; animal cheating is dealt 
with in the next chapter. 

Mimicry (Batesian mimicry, in the terminology em¬ 
ployed by zoologists) occurs where a flower pretends 
to offer a reward but does not in practice do so, so get¬ 
ting the benefits without paying the normal costs. The 
apparent reward is usually either nutritive (mimicking 
of another flower that would provide food) or repro¬ 
ductive (mimicking of a potential mate or a potential 
oviposition site). Nonrewarding plants constitute quite 
a large proportion of angiosperms, especially among 


the orchids (Dressier 1993); but as with any such sys¬ 
tem the mimics must remain a small part of any one 
flower community, or the mimicry is likely to fail as 
visitors encounter too many cheats and too few mod¬ 
els, and thus learn to avoid the area. 

A flower that cheats by resembling other flowers 
may either mimic a rewarding flower with which it co¬ 
flowers, or rely on innate or learned cues to attract a 
visitor, particularly in areas of low floral diversity. An 
example of a nonrewarding flower using innate cues 
rather than mimicry is the orchid Calypso bulbosa, 
flowering throughout the boreal forests of both Amer¬ 
ica and Eurasia in early spring and visited by queen 
bumblebees, emerging from overwintering sites and 
prepared to visit any object looking somewhat like a 
flower (Boyden 1982). In such situations, some floral 
polymorphism may be beneficial to the mimic, naive 
visitors treating the different morphs as novel species 
each of which should be visited lest it offer a reward. 

This, however, raises the point that true mimicry 
must be carefully defined (Vane-Wright 1980; Endler 
1981), not just as a vague resemblance, but in terms of 
a measured increase of fitness; that is, the mimic must 
do better than it does in the absence of the floral model 
and its pollinators. In this context fitness means some 
parameter related to fecundity. We must also be wary 
of the overlap between the traditional deceitful mim¬ 
icry and a phenomenon that has been termed mutualis- 
tic mimicry (or advertising mimicry, or floral mutual¬ 
ism, and equivalent to Mullerian mimicry), where 
several species convergently resemble each other, all 
are rewarding, and all share common pollinators, with 
each benefiting. 

Floral mimicry is an oddity in that it serves to at- 
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tract the receiver of the deceitful signal; more usually 
the mimicking cheat’s signal serves as a deterrent, a 
warning, or a camouflage. 

1. Mimicry of Flowers 

Interspecific Mimicry 

This is the commonest scenario, where flowers of one 
species, lacking a reward, resemble the rewarding 
flowers of another species. Most of the examples doc¬ 
umented to date involve bee or fly pollinators. Floral 
mimicry is especially common and clear-cut among 
orchids, which are frequently nectarless and achieve 
pollination in part by resembling rewarding species 
from other families; they are substantially less com¬ 
mon than their models but flower close to them, where 
pollinators will be more abundant. This has been 
described as a magnet effect by Peter and Johnson 
(2008), who documented the spectral and morphologi¬ 
cal similarity of the orchid Eulophia zeyheriana to the 
blue-flowered Wahlenbergia cuspidata (Campanu- 
laceae), thereby attracting visits from Lipotriches bees 
that were the sole pollinators of the Wahlenbergia. 
This kind of mimicry is very obvious in the common 
temperate genus Orchis, where flowers resemble those 
of sympatric unrelated genera flowering in the same 
locality at the same time. For example, Orchis israel- 
itica mimics the liliaceous bulb Bellevalia flexuosa 
and shares its solitary bee pollinators, setting more 
seed when in the company of its model (Dafni and Ivri 
1981a). Cephalanthera rubra (red helleborine) appar¬ 
ently mimics Campanula species with which it often 
grows, and again the orchid sets more seed when co¬ 
flowering occurs (here with shared visitation by Che- 
lostoma bees; Nilsson 1983b). 

Most of the examples come from more tropical 
climes, however, and are particularly striking where 
small and isolated habitats occur such that varying 
mimicry arises. For example, in the Caribbean, various 
species of yellow Oncidium orchids occur on different 
islands, each closely resembling flowers in two genera 
of Malpighiaceae, and all share Centris bees as polli¬ 
nators (Nierenberg 1972). In Panama, Epidendrum or¬ 
chids lacking any nectar resemble two models, Lanta- 
na and Asclepias (Boyden 1980; Bierzychudek 1981), 
both models having nectar. In this case the pollinia or 
pollen grains of each of the three species get deposited 


on different parts of the pollinating monarch butterfly 
(Danaus plexippus), so all may get successful specific 
cross-pollination. 

Deceptive species may flower slightly before or 
after their models, and Internicola et al. (2008) found 
that flowering earlier could be beneficial as it reduced 
the need for strong similarity. It is also often useful 
for the deceptive species to have more than one model, 
making it harder for visitors to learn to avoid the mim¬ 
ics. Many nectarless Orchis and Dactylorhiza are vari¬ 
able intraspecifically, like the Calypso orchids men¬ 
tioned in the introduction to this chapter. A classic and 
more specific example is Disa ferruginea, another or¬ 
chid, occurring in South Africa, with two very distinc¬ 
tive color morphs and matching two different models 
with different colors in different parts of its range 
(Johnson 1994). This genus is adept at producing 
highly variable mimics: Disa nivea mimics the flowers 
of Zaluzianskaya (and classic loss of fitness in the 
mimic when it becomes too common relative to the 
model has been demonstrated experimentally; Ander¬ 
son and Johnson 2006), while Disa nervosa mimics an 
iris-type flower ( Watsonia ; see plate 32B), and both 
are visited by long-tongued tabanid flies (Johnson and 
Morita 2006). 

Most of these examples involve mimicry of simpler 
flower forms, but it has also proved possible for or¬ 
chids to mimic some rather complex floral morpholo¬ 
gies. For example, some Australian Diuris species 
mimic the leguminous shrubs Daviesia and Dillwynia 
(Beardsell and Bernhardt 1983), achieving a good 
likeness of the typical pea flower. 

Examples that do not involve orchids are also rea¬ 
sonably common. Little (1983) documented mimicry 
between two desert annuals, where the model Mentze- 
lia (Loasaceae), with abundant nectar in open actino- 
morphic flowers, was mimicked by Mohavea flowers 
(Plantaginaceae), with tiny amounts of nectar in more 
tubular corollas. Four species of solitary bee were con¬ 
stant to the model and were the only pollinators of the 
mimic, which they visited very briefly and apparently 
by mistake; they used the same behavior to gain access 
in both cases, although pollen from the mimic and 
from the model was deposited in different sites on the 
bees. 

Interspecific mimicries are sometimes said to oper¬ 
ate as part of a floral mutualism, where several similar 
species, all offering rewards, share pollinators through 
time or space, all being in a sense both “models” and 
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“mimics” of each other, and all getting some benefit as 
mentioned in the context of phenology and competi¬ 
tion in chapters 21 and 22. This is stretching the defini¬ 
tion of Mullerian mimicry somewhat, and the term is 
probably best reserved for the rarer species within the 
community, or to communities of very few species 
where selective advantages can be established. The ex¬ 
ample of two coflowering Costus species (Schemske 
1981) outlined in chapter 22 was one such case. Pow¬ 
ell and Jones (1983) reported another, occurring be¬ 
tween Delphinium parryi (model) and Lupinus ben- 
thamii (nectarless mimic) in California. Their leaves 
and general growth form were strongly convergent 
morphologically, both bearing blue/purple flowers (the 
lupin also with a pink banner spot darkening after pol¬ 
lination; see chapter 5). In the sites of overlap they 
flowered together (with the mimic surprisingly abun¬ 
dant), and both then received more pollinating visits 
by bumblebee workers. 

Most other reports of floral mutualisms indicate 
sharing in time rather than in space, with sequential 
blooming periods reducing competition and improving 
the resource availability throughout the pollinator’s 
life cycle. Examples of this kind were considered in 
chapter 21. However, in this situation, a cheating mim¬ 
ic can in theory insert itself into the flowering sequence 
of rewarding flowers and thus be a Batesian mimic. 
One classic example is a group of nine hummingbird- 
pollinated flowers in the western United States (data 
from Grant and Grant 1968; analyzed by Brown and 
Kodric-Brown 1979), where just one of the nine spe¬ 
cies ( Lobelia cardinalis) is a rewardless cheat. The 
situation may also occur in European rosaceous hedge¬ 
row plants mentioned in chapter 22, where some wild 
roses in the sequential flowering pattern have no nectar 
but attract visitors because morphologically they re¬ 
semble the other (pre- and postflowering) species that 
do offer rewards. 


Intersexual (Conspecific) Mimicry 

Where flowers are unisexual, the females are com¬ 
monly rewardless (having of course no pollen, and of¬ 
ten little or no nectar) and may achieve visitation be¬ 
cause they resemble the rewarding and usually more 
abundant male flowers of the same species. Such mim¬ 
icry seems to be quite common especially in tropical 
plant families; Renner and Feil (1993) found that about 


a third of the species from 29 genera in 21 families of 
tropical dioecious plants offered no reward in the fe¬ 
male flowers. This kind of deceit pollination occurs, 
for example, in nutmegs ( Myristica ), with various bee¬ 
tles visiting the similar small yellow-green flowers on 
both male and female trees, although with a fourfold 
preference for the males; the two sexes have similar 
shapes and odors and the “preference” probably just 
reflects the greater abundance of male flowers in the 
community (Armstrong 1997). There is clearly again a 
problem of definition though (Willson and Agren 
1989): how similar does the female have to be to the 
male to constitute mimicry? After all, they are likely to 
be alike by reason of common genetics and develop¬ 
mental constraints. Mere resemblance is hardly sur¬ 
prising, and intersexual similarity can only really be 
termed mimicry if some features are unusually en¬ 
hanced to improve the resemblance. In particular, the 
stigmas of the female flowers are often enlarged and 
yellow so that they look very much like anthers, as in 
Begonia (plate 32A) and some cucurbits (Agren and 
Schemske 1991). 

Strictly, though, there must be demonstrable selec¬ 
tion for mimicry, that is, the success of female flowers 
will be a function of their degree of resemblance to 
male counterparts, and this has rarely been demon¬ 
strated. The clearest evidence for intersexual mimicry 
driven by selection comes where similarity arises from 
nonhomologous parts. For example, in Jacaratia 
dolichaula the female flowers lack corolla tubes but 
possess stigmatic lobes that markedly resemble the 
white corolla of the male flower (Bawa 1980b). Other 
examples include staminodes mimicking anthers in 
Rubus chamaemorus (Agren et al. 1986), and corolla 
scales on the male flowers of red campion ( Silene dio- 
ica) that mimic stigmas (Q. Kay et al. 1984, Willson 
and Agren 1989). Note that in the latter case the male 
is modified to resemble the female, which is reason¬ 
able since both sexes benefit in the end. 

It might be expected that such mimicries would in¬ 
volve olfactory as well as visual cues. In practice, it is 
more commonly reported that the male rewarding 
flowers are scented but the females lack strong odors, 
as in Carica papaya (Baker 1976); presumably the fe¬ 
male flowers avoid wasting resources on scent because 
the pollinators (hawkmoths in this case) are drawn to 
the plant from a distance by the male flowers’ scent 
and then make enough visual mistakes in visiting fe¬ 
males at close range. However, in the date palm polli- 
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Figure 23.1 Preference for male flowers of Begonia oaxa- 
cana by bumblebees, showing mean visitation rates 
across two seasons, and longer visits per male flowers. 
(Redrawn from Schemske et al. 1996.) 
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nated by Elaeiobius weevils in Africa (see chapter 28), 
both male and female inflorescences attract many hun¬ 
dreds of visits using attractive scents, the volatile odors 
being produced continuously in males but only in short 
pulsed bursts in females; hence the beetles stay mainly 
in male flowers and only move on to females periodi¬ 
cally, always well coated in pollen. Females have no 
reward, so this could be seen as effective deception by 
scent. 

In these situations, pollinators that can detect the 
cheating and avoid the rewardless female flowers 
should be selected for, and there is some evidence of 
this, for example in Thalictrum (Kaplan and Mulcahy 
1971), Rubus (Agren et al. 1986), and Ecballium (Du¬ 
kas 1987). It is also well known in Begonia species, for 
example B. involucrata, where Trigona bees visited 
males seven times more often and for ten times longer 
per visit than they did females (Agren and Schemske 
1991). That is a small part of a detailed study on tropi¬ 
cal monoecious Begonia by Schemske and Agren, 
much of it summarized by Schemske et al. (1996). B. 
oaxacana is a particularly good example, where inflo¬ 


rescences usually contain both sexes of flower at the 
same time, with a female-biased sex ratio. The mature 
male flowers are displayed outward and upward, with 
two large white sepals, two smaller white petals, and 
dark yellow anthers; females are more pendant, still 
with two white sepals (smaller and less spreading than 
in males) but usually just one small petal, and a stigma 
that is green when young but becomes more yellow as 
the flower ages. Male flowers are therefore distinctly 
more showy and obvious, females more hidden and 
somewhat asymmetric. Visitors are mainly Bombus, 
and on average these showed a strong five- or sixfold 
male preference in their foraging, also visiting each 
male flower for about 4-5 times longer (fig. 23.1); thus 
there was clear discrimination against the rewardless 
females with no pollen. Females received a visit only 
when mistaken for males, and the bee then left again 
quickly. However, females could compensate for the 
rarity of visits: first by lasting longer, usually at least 
14 days, within which time at recorded visitation rates 
they should have got at least one visit, and second 
probably by facing downward and thus resembling 
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young male flowers, which are particularly attractive 
to bumblebees because likely still to be pollen-rich. 

These last two phenomena—interspecific and inter- 
sexual mimicry—tend to involve resemblances ex¬ 
ploiting innate behavior patterns rather than learned 
behaviors; so they might be expected to be relatively 
rare in bee flowers, since bees learn to distinguish 
readily between very similar flowers. But the floral 
mimics commonly exploit naive flower visitors which 
have not yet learned to detect the deceptive mimics 
either in time (e.g., newly emerged bees) or in a par¬ 
ticular locality (e.g., migrating hummingbirds). For 
example, Nilsson (1980) reported that Dactylorhiza 
orchids in Sweden exploited the brief early emergence 
period of queen Bombus, before they established for¬ 
aging routes and learned to distinguish the true re¬ 
source qualities on offer. Hence most rewardless de¬ 
ceptive orchids are early-spring bloomers; those that 
do bloom later may rely on the attractions of coflower¬ 
ing species to bring in enough pollinators, as with 
Traunsteinera orchids in Europe that flower in late 
summer and benefit from pollinators attracted to co¬ 
flowering similarly colored Trifolium pratense (Juillet 
et al. 2007). 

Reliance on naive visitors raises the possibility that 
deception could occur even when no real model is 
present, relying purely on the inexperience of visitors 
and their innate flower preferences (Little 1983). The 
operation of such systems is open to debate, although 
in principle they would be similar to the pseudocopu¬ 
lation mimicries described in the section Reproductive 
Mimicry of Potential Mates: Pseudocopulation below, 
where visitor inexperience coupled with instinctive 
behavior is equally crucial. Whether a system that re¬ 
lies on a naive visitor should be termed mimicry at all 
is another question (discussed by Williamson 1982; 
Little 1983), since mimicry is generally held to rely on 
confusion between learned models and their deceptive 
mimics. 


Aids to Mimicry: Pseudoflowers, Pseudonectar, 
and Pseudopollen 

Pseudoflowers 

Pseudoflowers represent a way of increasing the over¬ 
all floral display, but where only some flowers are 
“real” and fully functional. It is a trick often exhibited 


by umbellifers, hydrangeas, etc., where outer flowers 
on the inflorescence are often more showy, with larger 
petals (plate 11D,E), but have no sexual function. In 
Viburnum the peripheral infertile flowers have stamens 
and pistils initially but these degenerate as the umbel 
becomes mature (Jin et al. 2007). In Hydrangea mac- 
rophylla the decorative flowers have larger receptacles 
and often one less petal (four instead of five), but they 
retain functional pollen (Uemachi et al. 2004). 

Note that “pseudoflowers” can also sometimes re¬ 
sult from fungal infestations of flower heads (e.g., in 
some Euphorbia), and the effects are then more likely 
to be negative for the host plant (Pfunder and Roy 
2006). 

Pseudonectaries 

Some flowers have areas of apparently glistening moist 
and often yellowish-green surface that attract visitors 
but offer nothing, and this strategy can be particularly 
effective in bringing in Diptera. Parnassia is a famous 
case, with five staminodes forming semicircles of 
stalked pseudonectaries each tipped with a yellowish 
glistening knob (fig. 23.2 and plate 32F); these are in 
fact dry and rewardless, but they attract flies which 
probe at the tiny knobs. Oncidium onustum orchids in 
Ecuador and Peru have false nectaries at the base of 
the column that are attractive to Xylocopa bees, which 
apparently confuse these flowers with species of Cas¬ 
sia (Dodson, cited by Little 1983). Something similar 
occurs in many Ophrys orchids, covered in more detail 
below (although these examples are controversial be¬ 
cause here the visitors are not seeking nectar anyway, 
and the glistening areas described as pseudonectaries 
may more plausibly be mimicking the eyes of the 
“pseudofemale”). 

Pseudopollen and Pseudoanthers 

There are three possible scenarios here. The first is 
seen in dichogamous flowers, with male and female 
phases. In protogynous flowers in the early female 
phase there is no pollen present, while protandrous 
flowers are male first but may have lost all their pollen 
by the time their stigmas become receptive in the later 
female phase. In either case it may help to have bright 
anther-yellow guides or imitations of anthers or pollen 
present throughout the flowering period (see chapter 5, 
and Pohl et al. 2008). The stigmas can appear to mimic 
anthers, for example in many begonias where female 
flowers’ stigmas closely resemble a group of stamens 
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Figure 23.2 Parnassia flower with pseudonectaries; see also plate 32. 
(Redrawn from Barth 1985 and from photographs.) 


(then known as “stylodia”) or even the entire androe- 
cium of the male flowers (Vogel 1978b; Schemske and 
Agren 1995; Schemske et al. 1996). In the kiwi plant 
(Actinidia ), female flowers have pseudoanthers with 
sterile nutrient-poor fodder pollen (Cane 1993a). Oth¬ 
er examples occur in Parnassia and in some Saxifraga. 
For protandrous species it is not uncommon to find the 
real anthers retaining turgor and bright yellow color¬ 
ation even after all their pollen is gone, when anthers 
would normally be wilting. This occurs in African vio¬ 
lets ( Saintpaulia ) and in Exacum (Gentianaceae), 
where the protandrous anthers remain fresh and re¬ 
warding, although usually empty by the time the stig¬ 
mas become receptive (Faegri and van der Pijl 1979). 
The genus Solanum is particularly instructive here, as 
dioecy has re-evolved several times in the group 
(Knapp et al. 1998), and in all the dioecious species 
the male flowers have normal anthers and tiny stigmas, 
while the females have both stigmas and anthers but 
the pollen within is entirely sterile and nonfunctional. 

A second strategy is the use of markings, usually on 
petals, that appear like anthers, and which add to the 
overall attractiveness of flower. Usually such marks 
occur as a central yellow mark or pair of marks, elon¬ 
gate or ovoid in shape, and bright yellow. This is espe¬ 
cially clear in Eichhornia, where the real pollen is 
cryptic. Something similar occurs in many species of 
Iris, and is taken to extremes in Iris germanica and 
many hybrids (plate 32E) where the “beard” set in 
high relief on the landing petal strongly resembles a 
mass of anthers, with yellow tips on white filaments 
(the real pollen being concealed). Structural and tex¬ 
tural anther mimics occur widely (fig. 23.3), notably in 
Craterostigma, Mimulus guttata, Torenia, and many 
Scrophulariaceae (Magin et al. 1989). In Melampyrum 
there are tiny nodules on the hairs of the flower’s lower 


lip that are of similar size to pollen grains. Pollinators 
are not usually deceived into making feeding attempts 
at these kinds of marks or structures, but the marks are 
exploiting the innate visual preferences of visitors (see 
chapter 5), who are thereby guided into the right part 
of the flower to find nectar, increasing their foraging 
efficiency. Imitation anther markings are generally 
sited above the true anthers in flowers with sternotribic 
pollination and below them where the pollination is 
nototribic. 

The third possibility, often less clear-cut, is seen in 
the trend to supplement or replace functional anthers 
with deceptive structures such as staminodes. Plants 
where pollen is the major reward often show heteran- 
thy, separating cryptic functional anthers from showy 
feeding anthers that become the advertising signal (see 
chapters 2 and 7); but often the feeding anthers be¬ 
come deceptive, with little or no functional pollen. 
Nepi et al. (2003) described the real and feeding pseu¬ 
dopollens in Lagerstroemia indica, the latter having 
more hexose sugars and more pores that perhaps made 
it more digestible. In some Theaceae, pseudopollen is 
produced in the anther connective and released into 
the pollen sacs where it mixes with true pollen and is 
gathered by bees (Tsou 1997); it perhaps provides 
some food value to the bees without wasting the repro¬ 
ductive capacity of the plant. Some nonheteranthous 
flowers achieve the same effect, with rather few real 
anthers but a few dummy ones to distract pollen forag¬ 
ers. The deception may be enhanced by deceptive 
structures on the anthers that look like additional an¬ 
ther tissues, including fluffy hairs on the filament (e.g., 
Verbascum; see fig. 2.2), or enlargement of part of the 
filament (e.g., Cleome, Dianella ) or of the connective 
between filament and anther (e.g., Blakea). Some or¬ 
chids go further, putting all their fertile pollen into 
pollinia and offering only some visually attractive but 
useless pseudopollen for visitors. Paphiopedilum vil- 
losum is particularly interesting here, having glisten¬ 
ing staminodes that appear to be mimicking a food 
offering, and also a slippery wart-like area that appar¬ 
ently mimics a perch but in fact causes any landing 
insects (almost entirely hoverflies) to fall off into a 
trough from which exit is possible only up a tunnel 
that passes the column and pollinia (Banzinger 1996). 
Simpler examples include Maxillaria orchids that pro¬ 
duce yellow hair tufts shed from functional living cells 
(van der Pijl and Dodson 1966); Cephalanthera or¬ 
chids which have yellow papillae on the lowest petal 
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Figure 23.3 "Pseudopollen'' embellishments, usually as 
raised or ridged yellow areas on the lower petals of 
flowers; see also plate 32. (Drawn from photographs.) 


that seem to function as pseudopollen (Dafni and Ivri 
1981b); and Calopogon orchids in North America, 
with stamen-like tufts. Here the cheating is often com¬ 
plete, and there is no mutualistic benefit to visitors; 
although in a few cases the pseudopollen of orchids 
does have some limited nutritive value (Davies and 
Turner 2004). 

Empty Flowers as Mimics and Cheats 

Emptiness can be a phenomenon of some flowers on a 
plant some of the time, of some flowers permanently, 
or of some species permanently. Each of these may 
have different benefits and effects, but each can be 
seen as a manifestation of mimicry or cheating at some 
level—a type of automimicry, also termed Browerian 
mimicry. 

Many, perhaps most, plants will have some empty 
flowers on them on most occasions when a visitor ar¬ 
rives; for example, Thakar et al. (2003) detected them 
in 24 out of 28 species tested. They may have no pol¬ 
len, or they may be devoid of nectar, or both. Frequent¬ 
ly this will be due to recent visitation that has emptied 
a proportion of the flowers; this factor, coupled with 


inherent variability in nectar production and nectar re¬ 
plenishment rates within and between plants (chapter 
8), makes flowers lacking any nectar reward a revers¬ 
ible but highly unpredictable fact of life for most flow¬ 
er visitors. Empty flowers may also arise because 
flowers only produce rewards in one phase of their life 
(nectar in the female phase, or pollen in the male 
phase), or because of transient environmental stress 
such as desiccation. 

Because empty flowers are therefore commonplace, 
visitors must constantly encounter them, and aspects 
of their behavior are likely to be attuned to this (Gilbert 
et al. 1991). Or, looked at the other way around, empty 
flowers can become a way in which plants exploit the 
cognitive abilities and limitations of their visitors, so 
that the animal cannot distinguish between rewarding 
and nonrewarding flowers until it has begun its visit, 
by which time pollen uptake or deposition may already 
have happened. Having some empties, albeit by chance 
and by virtue of prior visits, is thus an effective way 
for the plant to save resources, and can become an evo- 
lutionarily stable strategy (Thakar et al. 2003; see also 
Smithson and Gigord 2003, Bailey et al. 2007). 

But sometimes emptiness occurs because certain 
flowers do not produce pollen or nectar and are “delib- 
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erately” and permanently empty—they are genuine 
“blanks” rather than flowers that have become emp¬ 
tied. The occurrence of a proportion of empties among 
a population of rewarding flowers may then be regard¬ 
ed as a form of intraspecific Batesian mimicry (and the 
emptied flowers referred to in the last paragraph also 
serve this function, at least transiently). As always, the 
mimicry must rely on a low frequency of mimics and 
poor discrimination by the animal being cheated. The 
costs of visiting a flower with no reward should be at 
least balanced by rewards obtained from other flowers 
in the vicinity, or the animal will eventually give up its 
visits, and Bell (1986) modeled this as an ESS for the 
plant, where the proportion of cheats was D/H (where 
D is the discrimination time and H the handling time). 
Gilbert et al. (1991) found a good fit to this model in 
the field, with 75%-85% of flowers on Cerinthe major 
being empty or nearly so. Further modeling by Bailey 
et al. (2007) found that empty flowers enhanced polli¬ 
nation success for a plant, the optimal proportion of 
“empties” being lower in plants with low costs of self- 
ing, and lower where pollinators were scarcer. Anand 
et al. (2007) pointed out that if empty flowers are re¬ 
ally a cheating strategy then nectar volumes should be 
bimodal and demonstrated this to be the case in both 
Lantana and Utricularia, also showing that the pro¬ 
portion of empties was higher in particularly dense 
flowering patches for the latter species, supporting the 
gregariousness hypothesis where denser populations 
can support more cheats. 

Empty deceptive flowers are signaling the presence 
of a reward where none is present. Taken to extremes, 
this can involve a species being entirely and perma¬ 
nently rewardless. Deception of this kind has evolved 
in many plant families (see table 23.1), but is espe¬ 
cially well known in the orchids. Renner (2006) esti¬ 
mated that 3%-4% of all angiosperm species are per¬ 
manently rewardless. This commonly involves not 
having nectar, and rather less often neither nectar nor 
pollen, but may also occasionally occur with rewards 
such as oils (e.g., in some Malpighiaceae; Sazima and 
Sazima 1989) or perfumes; Renner (2006) reviewed 
examples. Note that the offer of egg-laying sites (the 
section Reproductive Mimicry of Brood Sites below) is 
also a kind of empty flower deceit, as no such reward 
is really present. The same is true of many cases of 
sexual mimicry described in the section Intersexual 
(Conspecifc) Mimicry above, where one sex is reward¬ 
ing and the other (usually the female) has no reward. 


The lack of a reward is particularly common in female 
flowers of unisexual species (Willson and Agren 1989; 
Renner 2006), perhaps because females are under 
stronger selection to economize; this is not infrequent¬ 
ly found in tropical trees and climbers (Ricklefs and 
Renner 1994). It may also be commoner in relatively 
specialized flowers with long fused corollas, where 
nectar would normally be hidden from sight anyway. 

Orchids perhaps best exemplify the benefits of per¬ 
manently rewardless flowers. They tend to occur in low 
numbers and highly spaced out, so that visit frequen¬ 
cies may be inherently low. Animal visitors cannot de¬ 
pend on any one species as a food supply, so will be 
making interspersed visits to other flower species that 
do offer rewards. This is acceptable for orchids (but 
not for many other plants) because their pollinia can 
be precisely placed on the visitors’ bodies, thus ensur¬ 
ing correct intraspecific pollen deposition. Thus several 
attempts to alter orchid reproductive success by add¬ 
ing artificial nectar have found little effect (e.g.. Smith- 
son 2002). However, Jersakova and Johnson (2006) 
tested the role of empty flowers in a fly-pollinated or¬ 
chid, Disa pulchra, showing that adding nectar to the 
nectar spurs increased the number of flowers probed, 
the time spent on a flower, the number of pollinia re¬ 
moved per plant, and the levels of self-pollen deposi¬ 
tion, indicating that rewardless floral deception does 
help to increase interplant movement and reduce self- 
pollination. 

Since the use of empty flowers as energy-saving 
mimics can benefit the plant, rewardless plants should 
often be able to invade pollination mutualisms. How¬ 
ever, there is generally a good correlation between pol¬ 
len export and a particular flower’s investment in re¬ 
wards; thus the extent of such invasions may be held in 
balance by visitors’ (moderate) ability to discriminate 
empties. Given that many visitors will encounter emp¬ 
ty flowers with great regularity, a rather limited ability 
to discriminate them may reflect that the cost of learn¬ 
ing the relative reward status of individual plants or 
flowers (which include longer decision times, reduced 
flight speeds, and longer flights) is greater than the 
cost of making mistakes. Bees also seem to learn nega¬ 
tive stimuli more slowly than positive stimuli (Dukas 
and Real 1993). 

It is often assumed that empty flowers primarily 
rely on naive visitors, recently emerged as adults or 
recently immigrated into the area (e.g., Ackerman 
1981; Smithson and Gigord 2003). However, reliance 
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Table 23.1 

Examples of the Occurrence of Rewardless Flowers 



Family 

Main visitors 

A) Absence of nectar 

Begonia boliviensis 

Begoniaceae 

hummingbirds 

Podophyllum 

Berberidaceae 

Bombus bees 

Tabebuia 

Bignoniaceae 

bees 

Iris pumila 

Iridaceae 

Bombus bees 

Myristica 

Myristicaceae 

beetles 

Mohavea 

Scrophulariaceae 

smaller bees 

Solanum 

Solanaceae 

bees 

Nymphaea (in female phase) 

Nymphaeaceae 

bees, flies, beetles 

B) Absence of nectar and food pollen 

Plumeria 

Apocynaceae 

sphingid moths 

Nerium 

Apocynaceae 

moths, bees 

Many orchid species 

Orchidaceae 

flies, wasps, bees 

C) Sexual mimicry or deception in monoecious 

species 


1. No nectar (or pollen) in female flowers 

Stelechocarpus 

Annonaceae 

beetles 

Ceonoma 

Arecaceae 

beetles 

Antennaria 

Asteraceae 

pollen-foraging bees 

Tussilago 

Asteraceae 

pollen-foraging bees 

Begonia involucrata 

Begoniaceae 

Trigona bees 

Sarcococca 

Buxaceae 

bees 

Carica 

Caricaceae 

sphingid moths 

Jacaratia 

Caricaceae 

sphingid moths 

Clusia 

Clusiaceae 

bees or beetles 

Ecballium 

Cucurbitaceae 

Apis, Andrena bees 

Dalechampia 

Euphorbiaceae 

bees or beetles 

Castanea 

Fagaceae 

bees 

2. No nectar in male flowers 

Begonia ferruginea 

Begoniaceae 

hummingbirds 

D) Brood site mimicry 

Aristolochia 

Apocynaceae 

flies 

Asarum 

Apocynaceae 

flies 

Ceropegia 

Apocynaceae 

flies 

Stapelia 

Apocynaceae 

flies 

Hydnora 

Hydnoraceae 

beetles 

Ambroma 

Malvaceae 

flies 

Rafflesia 

Rafflesiaceae 

flies 
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on naive visitors is unlikely in rewardless tropical flow¬ 
ers visited by long-lived bees or birds. It may perhaps 
occur for some spring-flowering temperate species, al¬ 
though even there most of the visiting bees learn so 
fast that they remain “naive” for only one visit. In fact, 
with Dactylorhiza orchids the later-blooming flowers 
higher on a spike (mainly visited by experienced bees) 
tended to have better pollinia export than those at the 
base which would have mainly encountered the earliest 
and most naive bees (Kropf and Renner 2005). Studies 
by Gumbert and Kunze (2001) on pairs of rewarding 
and rewardless orchids showed that bumblebees con¬ 
sistently visited whichever empty mimic most closely 
resembled the rewarding species they had just left, us¬ 
ing their experience rather than behaving naively. 

Finally, while this kind of mimicry by empty flow¬ 
ers will usually occur within a species and within a 
population, it could also work in mixed populations. 
For example, Brown and Kodric-Brown (1979) report¬ 
ed one population of empty-flowered Lobelia cardina- 
lis (whose flowers usually have abundant nectar), and 
the aberrant population was reliant on deceiving birds 
because it resembled closely enough other tubular red 
flowers in the vicinity. There is a need for more studies 
on the varying frequency of empty flowers between 
populations. 

2. Mimicry of Objects Other than Flowers 

Mimicry of Other Animals: Aggressive Mimicry 

Two species of Oncidium orchid are pollinated in a 
curious way that involves Centris bees, which appear 
to attack the flowers. The bees are territorial and will 
chase off other insects that invade their patch. They 
tend to perch near to a spike of Oncidium flowers, and 
when the flowers move in the breeze a bee will often 
dart in and buffet one of the flowers, seemingly react¬ 
ing as if to an invading flying insect (Dodson and 
Frymire 1961; Dodson 1962). Flowers last about 3-4 
weeks and so have a reasonable chance of being pol¬ 
linated during this period, although fruit set is gener¬ 
ally low. 

Reproductive Mimicry of Brood Sites 

Here flowers mimic the preferred egg-laying site of an 
insect, attracting them in but offering little or no re¬ 


ward. The commonest examples involve mimicry of 
carcasses and carrion, attracting flying visitors whose 
larvae require dead or decaying flesh as food. This es¬ 
pecially involves flies (sapromyophily, chapter 13), 
but also sometimes dung beetles (coprocantharophily, 
chapter 12). Additionally, some flowers mimic the gills 
of fungi, attracting visits by egg-laying fungus gnats 
(mycetophily). 

Four plant families are particularly well known 
here: Araceae (the aroids), Aristolochiaceae, Apocyn- 
aceae (including the asclepiads), and Orchidaceae. In 
the less extreme cases, represented in all of these fami¬ 
lies, insects are lured to the flower by the scent and 
appearance of dead and decaying flesh; but in the rarer 
and more specialist cases the insects are trapped and 
detained by the flower, for periods ranging from a few 
minutes to more than 24 hours, often with many other 
insects also imprisoned, before being released suit¬ 
ably covered in pollen. It is helpful to deal with these 
two deceptive systems separately; basic descriptions 
of the flowers and their attractants were covered in 
chapter 13. 

Brood Site Mimicry without Traps 

Here some of the best-known examples are species of 
AsarutJi (Aristolochiaceae), which attract fungus gnats 
(nematoceran flies in the family Mycetophilidae; chap¬ 
ter 13). Asarum species mostly flower in the spring, 
when fungal fruiting bodies are rather uncommon, and 
they grow low to the ground with the flowers often 
hidden beneath foliage where they stay damp and 
shady. The perianth is dull purple or brown, slightly 
scented, and often with stripes, and at its base are 
translucent white patches of tissue that are kept damp 
by high transpiration. Female fungus gnats seek out 
the flowers and lay their eggs on these pale patches, 
their backs thus contacting the flower’s sexual organs. 
In some species the patches of damp tissue are ridged, 
more specifically resembling mushroom gills. Similar 
features occur in some Araceae, in the genus Arisar- 
um ; here the best-known case is the mouse plant, A. 
proboscideum, again with flowers growing below the 
foliage, where the central spadix is modified into a 
fungus cap mimic, whose surface is again always 
moist and where the flies’ eggs are laid. The surround¬ 
ing spathe is translucent and probably produces a win¬ 
dow effect that encourages flies to walk into the flower. 
A few orchids also achieve fungus-gnat attraction by 
mushroom gill mimicry, including some in the genera 
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Draculci and Corybas with modified semicircular 
ridged lips and rather fungoid or fishy scents, and a 
few low-growing Cypripedium species with structures 
resembling small mushrooms on their lips. Dracula 
chestertonii emits a scent recognizable as that of 
champignon, and 70% of its volatile emissions are 
typical mushroom constituents (Kaiser 2006). 

Various asclepiad plants in the family Apocynaceae 
also use nontrapping brood site mimicry, but do so by 
resembling flesh or carcasses. A well-known example 
is Stapelia, but species of Huernia and Caralluma 
show similar features, all of these coming from south¬ 
ern Africa and southern Asia. Their large flowers are 
purplish with hairy petals, strongly and unpleasantly 
scented, thus resembling dead animal tissues. They at¬ 
tract a range of “higher" muscoid flies which lay many 
eggs in the flowers. 

Brood Site Mimicry with Prolonged Trapping 
Examples of trapping flowers occur in the same fami¬ 
lies mentioned in the last section, largely involving 
mimicry of flesh and enticing egg-laying flies. Usually 
the flowers have separate sexual phases or entirely 
separate sexes; the trapping happens in the female 
phase, after pollen has been delivered, and sometimes 
leads to killing by starvation or drowning. However, in 
most cases the trap area gives suitable microclimatic 
conditions for survival of the trapped insects (often 
small and delicate), with equable temperatures some¬ 
times well above ambient, and relatively high humidi¬ 
ty; some also provide light via translucent window 
areas. 

The basic structures and mechanisms of Aristolo- 
chia flowers were described in chapter 13 (fig. 13.11). 
The trapping mechanism centers on a downwardly di¬ 
rected corolla tube lined with lubricated papillate cells, 
and embellished with downward-pointing hairs, so 
that a visiting fly slides down the corolla and is unable 
to climb out again. Once the flower is pollinated and 
its own pollen released (usually on the second day of 
its life), nectar and scent production cease, and the 
stigmas bend in on each other to avoid further pollen 
receipt; then the papillae and hairs shrivel (and in some 
species the whole corolla tilts up to a more horizontal 
position), so that the flies (often, though by no means 
always, after laying some eggs) can walk out. In some 
larger New World Aristolochia species with a U- 
shaped corolla (Dutchman’s pipes) the flies slide from 
the petals down into the descending limb, then climb 


the ascending tube toward an apparent window, with 
the hairs in this part of the corolla helping their efforts. 
Specificity in this genus largely depends on size match¬ 
ing, not of the whole bloom but of the space around the 
reproductive organs in the trap end of the flower, since 
an effective pollinator must be able to fit snugly into 
this space if it is to deposit and then receive pollen; 
many flies are attracted, but only a small range are ac¬ 
tually trapped by any one plant species, with sepsids, 
muscids, and calliphorids the commonest pollinators. 
In some cases the cheating aspect of this relation is 
perhaps suspended, as the flies do feed on a substantial 
stigmatic exudate within the sexual chamber. 

A few Aristolochia species have diverged into fun¬ 
gus mimicry, with flowers borne near the ground and 
having a central mushroomlike structure at the flower 
entrance. The underside of this structure bears slippery 
lamellae, and flies attempting to lay eggs there tend to 
fall off into the trap below, subsequently ascending to 
the well-lit area around the stigmas (Vogel 1978b). 

Ceropegia flowers were also described in chapter 
13 (fig. 13.12 and plate 22B,C) and show the classic 
features of trapping by slippery internal papillate sur¬ 
faces (on the “slide zone,” which may be darkened and 
reddish), inward- and downward-pointing hairs which 
shrivel after one day as the corolla rises from pendant 
to horizontal, and a paler basal window area. 

Arum and related genera (Araceae) exhibit these 
same features, albeit in an inflorescence rather than a 
single flower (Meeuse and Morris 1984). The visitors 
entering the mouth of the inflorescence get trapped for 
about 24 hours in a spacious reproductive cavity, be¬ 
tween the club-shaped spadix and the outer leafy 
spathe (fig. 13.13 and plate 22D-F). They explore the 
spathe, perhaps additionally attracted by the appear¬ 
ance of light at the base from the window effect of its 
translucent walls; then they slip downward on the spa¬ 
dix or on the inner surface of the spathe, both of which 
are slippery and papillate. Near the base of the inflo¬ 
rescence they hit a ring of tangled bristles through 
which only small insects can pass, the larger ones hav¬ 
ing their fall arrested and then flying off. The small 
flies that pass all the way down then clamber about 
over the female flowers as they try to escape, deposit¬ 
ing any Arum pollen that they were carrying. As pollen 
tubes grow and penetrate the ovaries, the stigmas with¬ 
er and dehiscence begins, dusting all the trapped in¬ 
sects (which may be frenziedly laying eggs by this 
time) with large amounts of pollen. Early on the sec- 
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ond day the ring of bristle withers, the papillae on the 
floral surfaces shrink, and all scent production ceases; 
the trapped flies escape, bearing pollen and leaving be¬ 
hind eggs that will hatch into doomed larvae with no 
possible food source. 

In other aroid genera beetles commonly occur as 
pollinators. In Amorphophallus from Africa, Mada¬ 
gascar, and southeast Asia, these are large beetles, re¬ 
quiring a substantial overhanging ridge to prevent their 
premature escape, while in Typhonium it is tiny beetles 
that are trapped and the spathe actually contracts above 
them once they are in the female zone of the inflores¬ 
cence, opening up again slightly once pollen is being 
shed. And one genus of aroids, Coloccisia, has taken 
the trapping to a further extreme of visitor control, by 
having a one-way system. Flies are attracted by a 
strong unpleasant smell but can only enter the base of 
the spathe, through a small gap, being prevented from 
subsequently going upward beyond the female flowers 
by a constriction. As dusk arrives the entrance gap 
closes and scent production ends, so that flies are kept 
in overnight, but are gradually admitted to the higher 
(male) chamber to be dusted with pollen; only after 
dawn does the exit open, allowing them upward again, 
and out through the spathe tube. 

Counts of insects in various plant traps have indi¬ 
cated that only two or three insect species tend to be 
present in any one spathe in substantial numbers, with 
just one species often strongly dominant. Another 
common finding is that roughly equal numbers of 
males and females are trapped (Knoll 1926; Drum¬ 
mond and Hammond 1991), perhaps because males 
are strongly attracted to sites where females are likely 
to be laying eggs. Seeds set in flowers are thus likely 
to have multiple paternity, although familial groups 
may occur in clumps with just a few of the trapped 
insects having the greatest effect on pollen movements 
(e.g., Nishizawa et al. 2005 for Arisaema). 

The other family exhibiting sapromyophilous mim¬ 
icry is the Orchidaceae, with examples from both the 
Old and New Worlds; again they usually trap the cho¬ 
sen insects for at least a short period. Cirrhopetalum is 
perhaps the best-known genus, having unpleasantly 
smelling flowers that attract flesh-flies. Megaclinium 
and some species of Anguloa and Masdevallia are also 
conventionally sapromyophilous, although in Masde¬ 
vallia the trapping occurs by movement of the flower 
lip, forcing a visiting fly into the trumpet of the flower 
so that it can escape only via a narrow gap between lip 


and column, passing the stigma and pollinia as it goes. 
Bulbophyllum macranthum, pollinated by large flies, 
is rather similar in mechanism; it is brown/purple in 
color, with thin (filiform) inconspicuous petals, and a 
smell of ammonia; when a fly touches the labellum 
this flips up and traps the fly inside against the column 
for several minutes (while the “glue” from the rostel- 
lum dries), so it emerges with pollinia on its back. This 
fly must then be deceived again by another flower, the 
glue by then being brittle, and the pollinia dislodged 
onto the stigma. A few species of the tropical slipper 
orchid Paphiopedilum also show all the classic sapro- 
myophily traits but add a more specialized one-way 
trap system as seen in Colocasia, using it primarily 
to trap hoverflies that lay eggs on the staminodes 
(Attwood 1985). 

We should mention some other cases of apparent 
trapping for pollination purposes that may or may not 
be related to brood site mimicry. Some Bulbophyllum 
orchids smell strongly of cloves and are attractive to 
just one egg-laying fly species, and Pleurothallis or¬ 
chids likewise are somewhat aberrant, smelling rather 
fruity and attracting only Drosophila fruitflies, but 
oddly only the males (perhaps suggesting that the scent 
is mimicking female flies, and the syndrome is really 
pseudocopulatory). Further examples are found among 
the water lilies (Nymphaceae). Here the flowers open 
in the evening and are usually white and pleasantly 
scented, also generating significant metabolic heat and 
achieving temperatures several degrees above ambi¬ 
ent. At this stage they are visited by various beetles or 
by flies. In the tropical giant water lily Victoria ama- 
zonica, the visitors are specifically scarab beetles (sub¬ 
family Dynastinae; Prance and Arias 1975; Seymour 
and Matthews 2006), while in temperate water lilies 
such as Nymphaea it is commonly hoverflies that visit, 
especially around dusk. In each case the visitors feed 
on stigmatic exudates; but as night falls the petals close 
up and often partially submerge, imprisoning the visi¬ 
tors for several hours. Next morning the anthers de¬ 
hisce and the pollen-dusted visitors are released as the 
corolla reemerges above the water surface and opens 
up again. Visitors arriving on this second day and at¬ 
tempting to feed on the abundant pollen may avoid be¬ 
ing trapped, but many suffer a worse fate as the inside 
of the flower becomes slippery and filled with fluid in 
which many insects drown. Clearly these flowers are 
manipulating their pollinators by trapping them, but it 
is unclear whether this is a brood site mimicry, or if 
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they cheat by appearing to offer nectar or pollen on 
day 1 when neither is present. Interestingly, dynastine 
beetles are involved in a similar relation with some gi¬ 
ant terrestrial aroids in the genus Philodendron, which 
open and produce strong scents in the evening and be¬ 
come exceptionally hot at the same time, offering exu¬ 
dates from a special area of sterile flowers. Here the 
beetles stay (although not trapped) until day 2, when 
they become liberally covered with pollen on their 
now sticky exudate-covered surfaces; late on day 2 the 
spathe starts to close and the beetles are driven out. 

Whether or not these last few cases are included, 
brood site mimicry provides a particularly striking ex¬ 
ample of convergent evolution, with a suite of rather 
specialized characters recurring in quite unrelated 
genera and families. Thus it is easy to list the charac¬ 
teristics of sapromyophily, as in chapter 13. It may be 
a genuinely antagonistic interaction, rather than a mu¬ 
tualism, and thus unlike the mate mimicry scenarios 
dealt with in the next section. The visiting insect may 
receive no rewards and at the same time is induced to 
waste eggs. Given that the resources for egg-laying 
may be quite rare, carrion- and fungus-seeking visitors 
probably have to stay fairly broad in their host range 
(even when the flowers themselves are achieving quite 
high specificity). Hence the insects that are exploited 
by sapromyophilous plants cannot easily learn to avoid 
deceptive flowers in the future. 

But there are also cases of genuine brood site mutu¬ 
alism, dealt with in chapter 26 (figs and fig wasps, yuc¬ 
cas and yucca moths) where the visitor may still be 
deceived by resemblance to a more traditional brood 
site, but in the process of pollinating does also get a 
suitable reward for its efforts, so that the overall inter¬ 
action is mutualistic. There is a continuum here, not a 
clear dichotomy, and it is likely that the balance be¬ 
tween antagonistic and mutualistic relations may vary 
with time and place even in the examples described in 
this chapter. 

Reproductive Mimicry of Potential Mates: 
Pseudocopulation 

In pseudocopulation syndromes, flowers resemble the 
females of the pollinating species (generally an in¬ 
sect), and are pollinated, usually exclusively, by the 
males during repeated attempts at “mating.” At its sim¬ 
plest, this phenomenon is not very different from food- 


deceptive mimicries described earlier, as it merely re¬ 
quires that the flowers attract mainly males, rather than 
being equally attractive to both sexes of the pollinator, 
and this can relatively easily be achieved by altered 
scent cues. 

The orchids provide all the best-known examples of 
using pseudocopulation as a way to deposit their 
pollinia on a visitor (see Schliiter and Schiestl 2008), 
coupling this with a one-sided cheating exploitation as 
they are commonly lacking any food reward (about 
one-third of all orchids being rewardless and decep¬ 
tive; Schiestl 2005). The two phenomena may be inter¬ 
active; for example, the eastern Mediterranean Orchis 
galilea is pollinated exclusively by male Halictus mar- 
ginatus bees, in the same habitats where many other 
rewardless orchids (including Orchis israelitica, men¬ 
tioned above) mimic coflowering plants and attract 
both sexes of related solitary bees. Some of the most 
striking of orchid adaptations, especially in the genus 
Ophrys but also spread across many other genera, in¬ 
volve mechanisms to achieve pseudocopulation. The 
requisite specialized adaptations to particular pollina¬ 
tors are perhaps related to orchids’ usually widely 
scattered and rather low-biomass distributions, where 
they may rather often be pollinator limited. Cozzolino 
and Widmer (2005) suggested that pollination by de¬ 
ceit was a major factor in promoting orchid diversity 
and success. 

In the most sophisticated examples, the flower may 
mimic insect morphology very exactly, and in all 
known cases they then have a scent that precisely mim¬ 
ics the sex pheromones of the female insect (Borg 
Karlsson 1990; Schiestl 2005; Ayasse 2006). Often the 
two large orchid pollinia are also part of the lure, per¬ 
haps appearing as “superpollen.” Pseudocopulation 
requires flowering that is synchronous with the adult 
emergence time of the specific insect, and is especially 
effective when the victim is a species where males 
emerge before females (protandry of this kind being 
common in bees and wasps) because the males then, at 
least for a brief time window, have nothing else to mate 
with. This may be a reason why deceptive orchid spe¬ 
cies tend to flower earlier than rewarding species and 
also show lower overall reproductive success (Kindl- 
mann and Jersakova 2006). The phenomenon could 
again be said to rely on visitor naivete—it is mostly 
newly emerged males that visit, and once females are 
available the males, now experienced, are rarely de¬ 
ceived by flowers. In Australian Caladenia orchids, 


Cheating • 537 


for example, only about 7% of wasps that approach the 
flower will attempt full copulation and so produce pol¬ 
lination, and the wasps never seem to be fooled more 
than once within a particular group of plants (Peakall 
and Beattie 1996). Partly for that reason, pseudocopu- 
latory pollination is also expected to produce rather 
long range pollen movements, and in that Caladenia 
study the mean pollinia movement was 17 m, with 
some moving in excess of 50 m. This is probably of 
selective value for orchids occurring at low density. 

The best-known examples, commonly known as in¬ 
sect orchids, are from the European and North African 
genus Ophrys, where single flowers are visually remi¬ 
niscent of a variety of larger bees and wasps, or of 
flies, and with which male insects undergo all or part 
of their normal mating behaviors (up to and including 
sperm deposition). Similar phenomena, with greater 
diversity of floral form across genera, occur in the 
southern parts of Australia and Africa (see Dafni and 
Bernhardt 1990; Johnson et al. 1998). The principles 
and complexities of pseudocopulation can best be seen 
from a few specific examples. 

The Genus Ophrys in the Northern Hemisphere 
Kullenberg (1961) offered the classic review of this 
genus and of pseudocopulatory phenomena. Ophrys 
flowers have a highly modified labellum providing vi¬ 
sual (and often tactile) mimicry, with appropriate col¬ 
ors, fringing hairs, and velvety textures. Scent glands 
along the rim of the labellum produce attractant odors 
that are moderately specific (to small subsets of orchid 
species rather than to individual species), variously 
containing terpenes such as cadinene, alcohols, alde¬ 
hydes, ketones, and esters. 

1. The mirror orchid Ophrys speculum is a common 
Mediterranean species where the flowers are structur¬ 
ally standard except for the thickened and enlarged 
labellum, which bears no nectary so the flower is re¬ 
wardless. The orchid is visited from February to April 
solely by male scoliid wasps (Campsoscolia ciliata ), 
somewhat larger than a honeybee; the females emerge 
several weeks after the males, so there is a substantial 
temporal window when the flowers can have undivid¬ 
ed attention from the male wasps. The orchid’s label¬ 
lum is an oval of glistening metallic blue, bordered 
narrowly in yellow and fringed with long red-brown 
hairs, while the two upper petals are very narrow and 
dark red. The whole can be seen as mimicking a fe- 



Figure 23.4 Physical mimicry by Ophrys insectifera of its pollinating 
wasp Gorytes mystaceus, shown in front and side views. The orchid 
also matches the wasp coloration on its labellum. (Modified from 
Kullenberg 1961.) 


male, with the blue shiny surface representing the 
folded bluish wings of a wasp at rest, the fringe of 
hairs matching the reddish hairs around her abdomen, 
and the thin upper petals mimicking paired insect an¬ 
tennae. The male wasps readily visit bunches of picked 
flowers, and will seek out hidden flowers (indicating a 
strong olfactory cue), but once at closer range they ig¬ 
nore flowers with the lip removed as visual signals 
take over. On reaching a flower the male lands with his 
head near the column, and repeatedly thrusts his abdo¬ 
men into the fringe of hairs on the labellum tip, pick¬ 
ing up pollinia on his head in the process. After polli¬ 
nation, the odor of the flower changes (see fig. 6.7), 
matching the altered scent of the mated female wasp. 

2. The fly orchid Ophrys insectifera is a more north¬ 
erly European species, mimicking solitary sphecid Ar- 
gogorytes wasps (fig. 23.4); it has the same kinds of 
features as O. speculum, but with a narrower and less 
hairy flower, as befits its need of visits from the thin, 
relatively hairless sphecid. Across its range from Scan¬ 
dinavia to southern Spain, its flowering period varies 
to coincide with male Argogorytes emergence. Fur¬ 
thermore, the scent of O. insectifera and the phero¬ 
mone of Argogorytes are both unusually well endowed 
with aliphatic hydrocarbons, when compared with 
other Ophrys and other solitary hymenopterans. 
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Figure 23.5 Floral scent mimicry in the orchid Ophrys sphe- 
godes; here showing 12 compounds whose proportions in 
the sex pheromone of the pollinating bee Andrena nigroae- 
nea and the scent of the orchid are closely matched. (Modi¬ 
fied from Schiestl et al. 1999.) 


3. Ophrys lutea is a Mediterranean species, with a 
bright yellow labellum bordered by dark bluish patch¬ 
es and a raised central darker area. It is visited by male 
Andrena bees, but the males land head down and pick 
up pollinia on the tips of their abdomens; presumably 
the bees see the orchid labellum as a female bee sitting 
on a yellow flower. The scents for this pairwise inter¬ 
action are dominated, on both sides, more by alcohols, 
ketones, esters, and terpenes. 

4. Ophrys sphegodes, the early spider orchid, is 
widely distributed across much of Europe. Here there 
is remarkable precision and specificity of chemical 
signals: the flowers produce the same set of com¬ 
pounds, and in similar relative proportions, as those in 
the cuticle-derived sex pheromone of their pollinator 
Andrena nigroaenea (Schiestl et al. 1999). There are 
15 compounds from female bees active in attracting 
male bees, and the orchid flowers contain all but one of 
these 15 among the 27 compounds in their floral bou¬ 
quet (fig. 23.5). A decrease in total volatiles following 
pollination leads to reduced copulation attempts; but 
Schiestl and Ayasse (2001) also showed a specific in¬ 
crease in farnesyl hexanoate in the postpollination 
flowers, which acted as a repellent to the bees. This 
compound functions normally as part of the brood-cell 
lining, and is therefore only used by females that have 
already mated. Used as a repellent by already polli¬ 
nated flowers, it directs visitors to apparently virgin 
females and hence to unpollinated flowers. Intrigu- 
ingly, as with O. speculum, there is also a postmating 


change in the female bees’ mate-attracting odor, which 
can guide males to virgin females. And there is also 
much reduced attractiveness in cross-pollinated flow¬ 
ers compared with self-pollinated flowers (fig. 23.6), 
so that the latter will still have some chance of receiv¬ 
ing further and “better” visits. 

5. Continuing the theme of elaborate scent speci¬ 
ficities, Schiestl and Ayasse (2002) showed that two 
related orchids, O. fusca and O. bilunulata, attract dif¬ 
ferent species of Andrena simply by differing in the 
alkene components that they offer as part of their floral 
bouquet. 

6. Ophrys apifera, the bee orchid, occurring across 
much of Europe and into North Africa, is pollinated in 
the south by Eucera and Tetralonia bees, but in its 
northern range is substantially self-pollinated. In this 
and other Ophrys species, selfing is achieved when af¬ 
ter a few days the pollinia of an unpollinated flower 
fall out of the anther and swing around on their viscid 
threads, readily being blown against the stigmatic 
surface. 

Southern Hemisphere Examples 

1. The Australian hammer orchids, such as Drakea, 
are unusual in including a motile structure in the copu- 
latory relationship (Stoutamire 1974). The flower has 
a very long stalk, and the glossy dark red tip of the la¬ 
bellum mimics the flightless female thynnine wasps 
that climb up such stalks and emit pheromones that 
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Figure 23.6 Decreased attractiveness in cross-pollinated flowers as 
compared with self-pollinated flowers, in Ophrys sphegodes; this may 
be attributable to an increase in the repellent compound farnesyl 
hexanoate in the cross-pollinated individuals (see text and fig. 6.7). 
(Redrawn from Schiestl and Ayasse 2001), with stars showing three 
outlying values.) 


success, possibly because the solitary haplodiploid 
wasps concerned may (once their sperm is depleted) 
produce unusually high frequencies of unfertilized and 
hence male eggs, enhancing future pollination events 
(Gaskett et al. 2008). At least five species of Crypto- 
stylis utilize the same wasp, but they are mutually in¬ 
compatible so hybridization does not occur. 

3. In southern Africa, a few species of Disa orchids 
are pollinated by pseudocopulating Podalonia (sphe- 
cid) and Hemipepsis (pompilid) wasps (Steiner et al. 
1994). 

4. Turning to more unusual hymenopteran pollina¬ 
tors, sawflies in the genus Lophyrotoma attempt to 
mate with duck orchids ( Caleana ) (Cady 1965); and 
winged male ants ( Mynnecia ) pollinate the fringed 
hare orchid Leporella while attempting to mate with it 
(Peakall et al. 1987, 1991; Peakall 1989). 


attract flying males. The flower thus provides a dum¬ 
my with visual, olfactory, and tactile cues (Peakall 
1990). This dummy insect is tightly grasped by a visit¬ 
ing naive male thynnine, active before any females 
have emerged; he attempts to fly off with it, since his 
own wingless females are carried by him while being 
mated. This makes the dummy female swing upward 
about a hinge point further down the labellum, and the 
visiting male wasp is “hammered” against the anthers 
a few times, receiving the pollinia on his back (fig. 
23.7). Several related Drakea species occur, each pol¬ 
linated by a different wasp. Similar mechanisms also 
occur in other Australian genera, including the elbow 
orchids (Spiculea) pollinated by thynnine wasps, the 
many species of Caladenia orchids visited by small 
bees or by thynnines, and some bird orchids (Chilo- 
glottis), again visited by thynnines. In this last exam¬ 
ple, the females mitigate the cost of deception of the 
male wasps because their scents are more attractive to 
males when not near orchids (Wong et al. 2004). 

2. The tongue orchids Cryptostylis, with narrow 
reddish petals bearing wart-like lumps, are pollinated 
by ichneumon wasps ( Lissopimpla excelsa) that alight 
with their abdomen tips toward the column and not 
infrequently deposit a substantial sperm package there 
as they “mate” with the flower. Orchids with this ex¬ 
treme pollinator behavior show the highest pollination 


5. Perhaps most unusually, fungus gnats appear to 
be sexually attracted to the greenhood orchid Pterost- 
lyis rufa by a small brown insect-like structure on its 
labellum; the whole labellum is motile and rapidly 
snaps upward when this structure is touched, trapping 
the visitor with its back to the column while pollinia 
are attached (Beardsell and Bernhardt 1983). Blanco 
and Barboza (2005) also reported pseudocopulatory 
pollination by “sexually aroused” fungus gnats in 
Lepanthes orchids, where the fly grabs a small appen¬ 
dix on the labellum with his genital claspers and ap¬ 
pears to ejaculate into it. 

General Points 

The males that are being deceived in pseudocopulatory 
interactions are seemingly always (and certainly in the 
Ophrys examples tested) less attracted to the orchid 
than to their own females, indicating reliance on naive 
early-season males. There may not be too much cost to 
the deceived visitor in most such cases, other than 
some wastage of foraging time (not an issue if the fe¬ 
males are not yet available, and assuming males ac¬ 
quire the minimum food needed to keep alive); the 
exception occurs where significant sperm deposits are 
made. Hence the system may be closer to commensal¬ 
ism than exploitation. There is often a low or very 
low frequency of success (table 23.2) with less than 
20% successful pollination commonly recorded. But 
each success does mean thousands of pollen grains 
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Figure 23.7 The hammer orchid, Drakea, visited by male 
thynnine wasps. See text for details. (Drawn from 
photographs.) 


Table 23.2 

Percentage of Pollinated Flowers in Pseudocopulatory Orchids 


Orchid species 

Pollinator 

Percent pollinated 

Ophrys insectifera 

Argogorytes wasps 

42%* 

Ophrys lutea 

Andrena bees 

3%-80%t 

Ophrys sphegodes 

Andrena bees 

15%* 

Drakaea 

Zaspilothynnus wasps 

0%-58% 


Note: Measured as * pollinia removed, + seed capsules produced. 


transferred, almost always to a conspecific flower; and 
the recorded values may not differ greatly from rates 
of success for orchids as a whole. 

Schliiter and Schiestl (2008) reviewed the molecu¬ 
lar basis of both color and odor mimicries in these 
systems, and pointed out new possibilities for testing 
adaptation using gene-silencing and genetic manipula¬ 
tions. From current knowledge, it seems likely that 
evolution of a specific scent attractant came first in 
most of these relationships and visual mimicry later, 
given the prevalence of scent attraction in other kinds 
of orchid pollination relationships (Bergstrom 1978; 
Harborne 1993). The visual deception is often only 
partial; orchids do not manage to produce stripes to 
mimic bee and wasp abdomens, for example. Hence 
the overall specificity involved is also only partial, as 
evidenced by the many naturally occurring Ophrys 
hybrids. 

As a footnote here, Gilliesia (Alliaceae) was re¬ 
ported as an insect mimic (Rudall et al. 2002) with 
secondary bilaterality and unusual appendages that ap¬ 


pear very like legs, the flowers also being nectarless; 
this perhaps is a rare example of pollination by pseudo¬ 
copulatory deceit outside the orchids. 

Mimicry of Other Sites Attractive to insects 

There are rare examples of flowers mimicking other 
features attractive to potential visitors. One case is that 
of sleeping sites for male bees (with no nest to retreat 
to, males often sleep or rest overnight singly or in 
groups in specific sites, as described in chapter 9). 
Hence the orchid Serapias vomeracea apparently imi¬ 
tates the holes normally used by sleeping solitary male 
bees (Dafni et al. 1981). 

3. Overview 

Why are flowers so often deceptive? Most obviously, 
deceptive mimicries save resources, and could poten- 
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daily therefore aid any plant in balancing its economic 
budget while achieving some reproductive output. 
But the whole range of deceptive mimicries may rep¬ 
resent particularly good strategies for plants that are 
usually rare and nongregarious, such that they cannot 
provide a worthwhile resource for flower-constant pol¬ 
linators (Cohen and Shmida 1993). This would cer¬ 


tainly help explain why they are so common in orchids. 
Deception—whether by empty flowers, flower mim¬ 
icry, or brood site mimicry—may also be especially 
worthwhile for spikes of flowers, as a way of discour¬ 
aging visitors from continuing to visit more flowers on 
the same plant (Nilsson 1992), so avoiding excessive 
geitonogamy. 


Chapter 24 

FLOWER VISITORS AS CHEATS AND 
THE PLANTS' RESPONSES 


Outline 

1. Animals That Cheat: Floral Theft 

2. Selective Effects: Protection against Theft 

3. Overall Effects of Theft on Flowers 

4. Other Cheats: Floral Exploitation by 
Hitchhikers and Ambushers 

5. Overview 


In the last chapter we saw many examples of plants 
cheating in the plant-pollinator interaction. However, 
the reverse can also be true—it should at least some¬ 
times pay visitors to gather food from a flower yet re¬ 
sist being manipulated into carrying pollen around, by 
avoiding the anthers or indeed by eating all the pollen 
before they move on. This chapter examines some of 
the kinds of cheating shown by flower visitors and 
considers what plants can do to avoid the costs of be¬ 
ing cheated. 


1. Animals That Cheat: Floral Theft 

Many visitors to a flower are classed as illegitimate, 
meaning that they interact with the flower in the 
“wrong” fashion, entering from the rear or sideways 
between the petals, or being the wrong size or shape so 
that they enter in the “right” way but make no contact 
with anthers or stigma; it is then fairly evident that 
they are not a successful or coevolved pollinator. In 
many cases the proportion of effective legitimate visits 


to a given flower is remarkably low: for example, in 
Asclepias, only about 30% of visits moved pollen in 
some observation periods (though up to 80% in others) 
(Fishbein and Venable 1996). Many related examples 
were given in chapter 11 where the issue of visitor ver¬ 
sus pollinator was a major theme. 

An illegitimate visitor may have several ways of 
getting rewards without effecting pollination. Inouye 
(1980b) offered a clarification of the terminology of 
various kinds of floral larceny, as in figure 24.1. 

Nectar Theft 

Simple Theft or "Pickpocketing" 

Nectar theft may occur in different ways. Very small 
visitors may just crawl into an elongate corolla with¬ 
out contacting the anthers; this not infrequently occurs 
with small flower beetles, ants, thrips, etc. It is some¬ 
times called simple theft, where no floral damage is 
incurred (Inouye 1980b, 1983). The same term could 
apply to very long-tongued moths or butterflies visit¬ 
ing certain bee flowers, where only their tongues enter 
the relatively broad corolla and no part of their anato¬ 
my touches the anthers at all. This kind of theft is most 
commonly due to a mismatch of morphologies, espe¬ 
cially of size. However, it may also sometimes occur 
because a visitor has learned a way of handling that 
avoids picking up pollen. For example, bees some¬ 
times insert their tongues into the side or base of a 
flower tube where the petals are not fused; Apis bees 
behave thus on many Brassica flowers or on bluebells, 
their tongues passing laterally between petals and se¬ 
pals. Bumblebees also cheat on bluebells by robbing 
nectar, although this does not reduce the plants’ fe- 
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NECTAR 

Activity 

Effects 

Pollination? 

A 

B 

Primary 

Robbery 

Secondary 

Making and using a hole 

Using an existing hole made by others 

Nectar depletion 
AND 

corolla damage 

Some 

possible 

increases 

C 

Theft 

Normal entry, but morphological 
mismatch precludes pollination 

Nectar depletion 

in 

pollination 

success, 

D 

Baseworking 

Basal entry between petals/sepals 

Nectar depletion 

direct or 
indirect 

POLLEN 



E 

F 

Robbery 

Theft 

Pollen gathered and tissues damaged 
Pollen gathered without damage 

Pollen loss 

Pollen loss 

No 

effective 

pollination 



Figure 24.1 A 


male fitness (Morris 1996). Inouye termed this behav¬ 
ior “base working.” 

True Primary Robbery, with Floral Damage 

Here a visitor effects entry to a flower by making a 
hole through the side of the corolla—nectar robbery 
being a term implying the use of force and resulting 
damage (plate 33A,B). This biting, piercing, or slicing 
usually occurs at the base of a stout or tubular corolla 
where there is petal or sepal fusion (plate 33G,H), so 
that there is no other way in for a relatively short- 
tongued visitor. Nectar is obtained through the hole, 
usually without any possibility of touching anthers. 

Among insects, major culprits are short-tongued 
bumblebees (such as B. terrestris and B. lucorum in 
Europe, or B. temarius and B. terricola in North 
America), using their mandibles to pierce the corollas 
of longer-tubed labiates, comfrey, daffodils, colum¬ 
bines, and some legumes like Vicia. Carpenter bees are 
also frequent culprits using their stout mandibles (plate 
33A), and ants too can sometimes be robbers. 

Robbery can also be achieved by bird beaks, espe¬ 
cially in the case of the flower piercer Diglossa which 
may rip or tear whole flowers (Arizmendi et al. 1996). 
It may be possible for some mammals too: for exam¬ 


ple, the striped squirrel in China is a robber of ginger 
flowers (Deng et al. 2004). 

Nectar robbery can be extremely common, so that 
more than 90% of all flowers in some tropical plants 
are attacked by birds such as Diglossa, with similar 
figures in some species attacked by bumblebees (see 
Maloof and Inouye 2000). Hence a very high propor¬ 
tion of visits to a flower may be illegitimate robbing 
visits and have little to do with flower pollination. 

Primary robbery of this kind can have serious del¬ 
eterious consequences for a flower and for the plant. 
First, it may shorten flower life, since damage can trig¬ 
ger the same (often ethylene-mediated) senescence 
processes mentioned in chapter 21. Second, the robber 
may leave scent marks that discourage legitimate visi¬ 
tors, or may alter the scent of the flower via damage- 
related effects. Third, it may reduce the visual attrac¬ 
tiveness of the flower. And finally it can lead directly 
to further nectar losses as outlined in the next section. 

Secondary Robbery 

The activities of primary nectar robbers in turn allow 
in other illegitimate cheating visitors, often termed 
secondary nectar robbers, stealing nectar through the 
hole left behind in the corolla. Apis is very often a 
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secondary robber; its mandibles are not strong enough 
to cut through any but the more delicate corollas, but it 
readily adopts secondary cheating wherever it can. For 
example, it goes to a range of beans and other legumes 
in this fashion—holes are regularly made in the base 
of flowers on runnerbeans Phaseolus, or on broad- 
beans Vicia, by short-tongued bumblebees such as B. 
terrestris (e.g., Newton and Hill 1983), but Apis is then 
the commonest user of these holes over the next two or 
three days. Dedej and Delaplane (2005) showed that 
on Vaccinium flowers honeybees clearly received a net 
energetic advantage from their habit of larceny; the ab¬ 
solute amounts of nectar removed legitimately and il¬ 
legitimately were similar, but illegitimate visitations 
could be completed much more quickly. Ants, attract¬ 
ed to a sugar reward that has become unexpectedly 
available, are also major secondary robbers. 

Theft, primary robbery, and secondary robbery may 
be exhibited by the same flower visitors on different 
flowers, or even by the same visitor species on one 
flower if there is a substantial size variation such that 
larger individuals can reach the nectar legitimately but 
smaller ones either cannot do so or find it quicker and 
cheaper to bite a hole or fortuitously encounter an ex¬ 
isting hole. 

Pollen Theft 

Simple Theft 

Some small hoverflies, solitary bees, and stingless 
bees gather pollen directly from anthers without ever 
going close to the plant’s stigmatic surfaces (plate 
33C-F), and often do not need to visit more than one 
flower in one foraging bout. Others of a similar size 
may collect pollen off the stigmatic surface directly, 
which may doubly disadvantage the plant by produc¬ 
ing stigmatic damage (physical or chemical). Arthro¬ 
pods that rest on flowers or use them as encounter sites 
(see section 4, Other Cheats: Floral Exploitation by 
Hitchhikers and Ambushers ) may also take some pol¬ 
len in a manner that can have no benefit to the plant. 
More unusually, a few orchid pollinators become 
pollinia thieves by circumventing the elaborate decep¬ 
tions of their flowers (Gregg 1991). 

A review by Hargreaves et al. (2009) showed that 
most pollen thieves were bees, and that thieves on a 
given plant were effective pollinators of other plants, 
so the theft was probably opportunistic as a result of 


physical mismatch between the flower and the thief 
rather than a specialist strategy. Theft was especially 
common in herkogamous or dichogamous plants, that 
is, where there was either spatial or temporal separa¬ 
tion of sex functions within flowers. 

Robbery 

Pollen robbery involving floral damage is rare, but 
there are a few documented cases (e.g., McDade and 
Kinsman 1980) of small bees nibbling through the co¬ 
rolla walls of hummingbird-pollinated flowers and 
reaching the concealed anthers, before or shortly after 
normal anthesis. 

Some of the more notorious illegitimate flower visitors 
may indulge in simple theft and primary robbery and 
secondary robbery, depending on the resources avail¬ 
able in any given vicinity. Apis behaves thus, and a 
wide range of ants (usually too small to pollinate, but 
highly attracted to any sugary fluids) are also culpable 
in this respect. 

Equally, it should be noted that any one plant may 
be suffering all these kinds of cheating at once. For 
example, Justicia aurea in Costa Rica received legiti¬ 
mate visits from two hummingbirds, but also nectar 
robbery from several smaller hummingbirds, second¬ 
ary nectar robbery from both bees and ants, and pollen 
theft from small stingless bees (Willmer and Corbet 
1981). 

Florivory 

The eating of flowers themselves needs inclusion here, 
as it could be regarded as the ultimate theft, usually 
with unequivocally deleterious effects on the plant and 
its reproductive success. Many insects cheat a plant by 
using the flowers that the adults (legitimately) feed 
from as egg-laying sites, so that their larvae after 
hatching then eat some part of the flower. For example, 
many flies use relatively dense flower-heads such as 
thistles and other composites as oviposition sites. By 
far the most famous examples here are the fig and yuc¬ 
ca active pollination systems, covered in chapter 26; 
although these cannot really be called “cheating,” as 
the plant gains very obvious benefits most of the time. 

A further range of larger adult animals eat whole 
flowers, notably beetles and some birds, and the habit 
is particularly common in the tropics, with birds and 
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monkeys implicated. However, florivory is best seen 
as a specialist subcategory of herbivory, so examples 
are covered more fully in chapter 25. 

2. Selective Effects: Protection against Theft 

Any or all robbery, whether of nectar or pollen, could 
obviously have serious effects on floral visitation and 
pollen transfer by reducing the rewards on offer, but it 
may affect the plant much more than this, since dam¬ 
age inflicted by robbing visitors (especially those that 
bite the corolla) can decrease floral longevity and 
cause premature wilting or abscission. Ants engaged 
in their exploitative thieving consumption of nectar 
may also reduce pollinator visit frequency or duration 
since they can be aggressive to incoming visitors, thus 
reducing seed set (Galen and Geib 2007; Willmer et al. 
2009). At worst, resident ants can produce castration 
effects, for example by cutting the styles in Polemoni- 
um (Galen 1983) or partly destroying flower buds in 
the semi-myrmecophyte Humboldtia (Gaume et al. 
2005). It should therefore be expected that at-risk 
flowers will evolve floral defenses against the cheats 
(Guerrant and Fiedler 1981; Irwin, Adler, and Brody 
2004). In fact this issue was explored in considerable 
detail in the nineteenth century by Kerner (1878/2008), 
who noted many features of flowers that were keeping 
thieves out rather than attracting pollinators. 

Hence cheating visitors may exert distinct selective 
pressures on flower design. For example, Galen (1983, 
1999b) showed that ant thief activity could have a 
strong selective effect on floral morphology, leading to 
compromises in floral design: a balancing of traits for 
pollinators versus what is in effect a “predator.” How¬ 
ever, in some cases selection favoring thief and polli¬ 
nator may work in the same direction; for example, in 
Polemonium where Galen (1999b) showed that ants 
prefer wide corollas to narrow ones, interacting with 
selection for the same preference by bumblebees. Ir¬ 
win (2006) modeled the conflicting effects of pollina¬ 
tors and robbers on Ipomopsis aggregata flowers and 
showed that both were important selective agents, but 
that the direction and intensity of selection by each 
varied from year to year. 

Defense of the plants and its rewards against theft 
can be achieved in various ways, but there are broadly 
three main options (see also Willmer, Nuttman et al. 
2009): 


1. Physical barriers 

2. Chemical deterrents, often using volatile organic 
compounds (VOCs) 

3. Bribes, for example, food or lodging placed some 
distance from the flowers 

A summary of possible defensive characters is shown 
in figure 24.2. 

Physical Protection and Barriers 

Perhaps the most obvious possibility to prevent pri¬ 
mary nectar theft is to thicken the base of the corolla; 
this is the same response as seen in many humming- 
bird-visited plants, where the base of the tube must 
resist piercing from within by the birds’ beaks. Alter¬ 
natively the plant could thicken the sepals or bracts 
that surround the base of the corolla, as in the calyx of 
Dianthus, which is rather leathery, or the calyx of Si- 
lene, which is inflated and may serve the same pur¬ 
pose. The calyx may in turn be protected by bracts, 
and in some cases the bracts are so arranged that they 
contain a moat acting as a water barrier that can be 
highly effective against ants and small herbivores (e.g., 
Carlson and Harms 2007). Water-filled bracts or caly¬ 
ces (plate 34D) are moderately common in tropical 
flowers in the families Bignoniaceae, Gesneriaceae, 
and Solanaceae. Mucilage in the calyx (e.g., in Com- 
melina and Malvaviscus species) may also be effec¬ 
tive. Taken to an extreme, aquatic plants with floating 
flowers are entirely protected from theft by nonflying 
insects. But amphibious plants then present an inter¬ 
esting conundrum, and Kerner (1878/2008) cited 
Polygonum amphibium as having no physical defenses 
for its flowers when these were floating, but (revers¬ 
ibly) developing numerous glandular trichomes on 
the leaves and especially on the floral stems (which 
became sticky enough to trap ants) when the habitat 
dried out so that flowers were accessible to crawling 
insects. 

To deter walking thieves such as ants, spiny or very 
hairy outer surfaces on stems or on the corolla, calyx, 
or bracts can be effective, where passage is impeded or 
tarsi cannot grip through entangling fine hairs (plate 
34C). These fine hairs (trichomes) may also be glan¬ 
dular, overlapping with the chemical defenses de¬ 
scribed in the next section. A fine example is the calyx 
protecting the long narrow corolla of various Plumba¬ 
go species, covered in delicate secretory hairs in the 
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area where they might otherwise be robbed (plate 6G). 
Sticky surfaces are also excellent defenses against 
walking ants, and slippery waxy surfaces can make ac¬ 
cess impossible (e.g., Harley 1991). Pendant flowers 
on delicate bending stems are also difficult for ants to 
access. 

Defenses against access by crawling insects may 
also occur within the flower—rings of fine hairs as in 
Stephanotis (plate 6H), extremely narrow tubes (or ar¬ 
eas of constriction on a wider tube), and tissues that 
form “lids” over the nectaries are all encountered quite 
commonly in more elongate flowers. 

Another possible physical defense might be the 
sheer density of flowers in an inflorescence, so that 
small thieving insects (or the mandibles or beaks of 
larger robbers) cannot get access to the corolla bases. 
For example, very tight flower heads of Brassica spe¬ 
cies do not get robbed as much as loose heads. This 
may also apply to clovers, mints, thymes, and also 
some kinds of Asteraceae; indeed this may be the 
strongest of all selective forces favoring the evolution 
of tight inflorescences. 

Chemical Protection 

The presence of glandular hairs on, or en route to, a 
flower might be a suitable chemical deterrent against 
both crawling florivores and possible nectar thieves 
such as ants. Any contact with or damage to such hairs 
can potentially release deterrent or irritant chemicals. 

Another possible chemical defense would be to 
make the nectar unattractive to casual or illegitimate 
visitors. Here an example might be the provision of 
very dilute nectar in Ipomopsis, acceptable to a polli¬ 
nating hummingbird but deterrent to bumblebee rob¬ 
bers (Irwin, Adler, and Agrawal et al. 2004). A more 
specific case is provided by the very alkaline character 
of nectar in a ground-dwelling flower, Lathraea clan¬ 
destine! (plate 34E), arising from ammonia in the nec¬ 
tar, and deterrent to birds and perhaps to ants who try 
to rob the flowers but manageable for pollinating bum¬ 
blebees (Prys-Jones and Willmer 1992). Taking this a 
stage further, there is the option of secreting toxic nec¬ 
tar, discussed (as a rarity) in chapter 8. 

Having specific repellents in the flowers is perhaps 
the ultimate option, and the best-known cases of this 
involve repellents targeted at ants. Pollen-based repel¬ 
lents in Acacia flowers are covered below, as they re¬ 


late specifically to ant-guarded plants, but since that 
work was published it has become clear that other 
flowers also produce ant repellents. Ness (2006) and 
Agarwal and Rastogi (2008) found repellence of some 
but not all ants by Ferocactus wislizeni petals and Lujfa 
flowers, respectively. Jaffe et al. (2003) studied en¬ 
counter rates of ants with flowers of Venezuelan plants 
in situ and found lower ant repellency in forest canopy 
flowers compared to savanna flowers. Junker et al. 
(2007) also studied behavioral effects of whole flow¬ 
ers of various ages, and reported ant repellence for 8 
out of 18 plant species from Borneo, with greater re¬ 
pellence in canopy flowers than in forest understory 
flowers. But these studies generally did not allow sep¬ 
aration of contact versus volatile ant repellence, and 
they recorded repellence merely in terms of ant loca¬ 
tion relative to floral cues. Because multiple ants were 
tested together, these studies also suffered potential 
confounding effects from individuals following each 
other and magnifying apparent effects. 

Junker and Bliithgen (2008) used a four-way olfac- 
tometric assay instead, and found Camponotus flori- 
danus ants to be repelled from 20 of the 30 flowers 
tested, and Lasius fuliginosus from 8 of 26. Willmer, 
Nuttman et al. (2009) used the unequivocal method of 
puffing flower-volatile-loaded air over individual ants, 
with stereotyped alarm behaviors as a proxy for floral 
repellence. Here Formica aquilonia showed clear 
alarm or aggressive responses to about half of the 67 
floral species tested, and Lasius niger responded to a 
smaller subset of these. Behavioral responses were al¬ 
ways greatest when flowers were at peak dehiscence 
and were elicited to pollen alone when this was tested. 
There was also some trade-off between morphological 
barriers and the strength of volatile repellence in flow¬ 
ers; no species tested showed high levels of both kinds 
of defense (fig. 24.3). More exploration of the role of 
pollen volatiles in controlling potential thief and pol¬ 
linator behaviors is needed. There may be interesting 
links here to suggestions discussed in chapter 7 that 
some pollens may possess chemical properties that 
limit their use by some bees (Praz et al. 2008b). 

Offering Bribes 

Where nectar is being stolen, or is under threat of be¬ 
ing stolen, one strategy is to offer an alternative sugary 
fluid somewhere away from the flowers—in other 
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Figure 24.3 An indication of trade-offs between volatile 
protection against ants in flowers (especially from pol¬ 
len), and the presence of physical barriers or decoys on 
the plant. Volatile reactions are scored from behavioral 
responses of ants as percentages of a maximum; mor¬ 
phological defences are on a 0-3 scale from no visible 
defence, one deterrent feature, two or more such fea¬ 
tures, and total exclusion. No plants scored highly in 
both respects. (Redrawn from Willmer, Stanley et al. 
2009.) 


words, to use extrafloral nectar as a distraction or 
bribe. Extrafloral nectaries (EFNs) are extremely com¬ 
mon, often in leaf petioles or blades or stems (plate 
34H), sometimes on bracts or sepals (plate 34F,G). 
Bentley (1977) provided an early review, stressing the 
great range of plant families and genera that possess 
EFNs and the evidence that they really have a purpose 
in attracting animals away from flowers (see also Wag¬ 
ner and Kay 2002). A neat demonstration of their 
effectiveness came from species of Hibiscus on an 
oceanic island, where the ancestral H. tiliaceus has se¬ 
pal EFNs and a derived endemic H. glaber does not 
(Sugiura, Abe et al. 2006). Moth larvae attacked 20% 
of the latter’s buds, compared with just 0.2% of buds 
on the former; it seems likely that loss of the EFNs on 
the endemic species reflects an original paucity of her¬ 
bivores on the island. 

In particular, EFNs are attractive to ants, and some 
ants will become resident on a plant well endowed 
with extrafloral nectaries because of the sugary reward, 
without straying onto the flowers. Ants commonly pa¬ 
trol the leathery EFN-bearing buds of Costus (plate 
34F,G), from which individual large flowers emerge. 
Since the essentially carnivorous ants will also use 
their host plant as a source of insect prey, they may 
also often attack the plant’s invertebrate herbivores. 
For example, on Caryocar plants ants were shown to 
prey upon bugs, flies, caterpillars, and gall wasps, and 
as a result ant-occupied plants produced more flowers 
and had higher initial fruit set than those with ants ex¬ 
cluded (Oliveira 1997). However, this is a very non¬ 
specific interaction, where more or less any plant with 
some EFNs will be acceptable for any ant; more spe¬ 


cific and structured ant-plant interactions are covered 
in detail in the next section. Note, though, that the dis¬ 
tinction between the generalized ants taking EFN re¬ 
sources and the resident ants employed as bodyguards 
is not all that clear-cut, since the presence of nonspe¬ 
cific ants can still reduce robbery and herbivory and 
improve seed set (as in Caryocar, and also on Passi- 
flora flowers; Leal et al. 2006) and can cause pollina¬ 
tors to move around more and improve outcrossing 
(e.g., Altshuler 1999). 

Employing Bodyguards 

Where Physical Protection and Barriers covered 
physical defense, and Chemical Protection and Offer¬ 
ing Bribes both concerned forms of chemical defense, 
this category covers biotic defense. Keeping enemies 
at bay is classic work for bouncers and bodyguards, 
and in rather analogous roles floral guards are surpris¬ 
ingly common, notably in the tropics but also in many 
temperate plants. By far the commonest groups em¬ 
ployed as guards are the ants, generally small and non¬ 
flying; thus not mobile enough to be good pollinators 
yet highly attracted to sugary nectar. Most ants have 
elongate mandibles, useful for aggression and car- 
nivory, and most are eusocial with workers that can 
be recruited and organized by pheromonal signals. 
Hence ants can be extremely useful guards against 
flower robbers, as long as they too can be kept away 
from the insides of flowers and do not interfere with 
pollination. 

Ants as guards are much better known as defenses 
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against florivores and herbivores, so we will delay 
their detailed consideration for chapter 25. But there is 
no doubt that they can be highly efficient in reducing 
theft from flowers. 


3. Overall Effects of Theft on Flowers 

Some theft of floral resources is very common (Ma- 
loof and Inouye 2000), and even in the best-defended 
plants some losses may still occur. Robbing varies in 
intensity within seasons, between years, and across 
sites, as well as between species (Irwin et al. 2001; 
Irwin and Maloof 2002). How far does its existence 
and its variation exert effects on pollination success? 
In addition to the possible negative effects already 
mentioned, floral thieves may change the nectar dy¬ 
namics of the plant and hence visitor behavior (New¬ 
man and Thomson 2005) or the visitation preferences 
of legitimate visitors (Krupnick et al. 1999), or may 
affect the amount of pollen moved by such a visitor. 
Any of these effects might intuitively be expected to 
be deleterious overall, with fewer legitimate visits 
made per unit of resource provided by the plant, lead¬ 
ing to lower seed set. This is certainly the case in many 
plants (e.g., Galen 1983; Irwin and Brody 1999, 2000; 
and see Irwin 2003), and Burkle et al. (2007) found 
that negative impacts were especially likely in pollen- 
limited and self-incompatible plants. 

The review by Maloof and Inouye (2000) addressed 
the balance of obvious negative and less obvious posi¬ 
tive effects from floral robbery and noted that there 
were several possible benefits. For example, in red clo¬ 
ver high numbers of robbing short-tongued bees 
caused increased seed set (Fussell 1992) because the 
legitimate visitors moved around more to get enough 
nectar, so promoting outcrossing. Likewise, Richard¬ 
son (2004) showed that robbery by Xylocopa on 
Chilopsis could increase the effectiveness of legiti¬ 
mate Bombus visits by making the bumblebees move 
around more. Maloof (2001) found a similar effect on 
visitor behavior (bumblebee pollinators and robbers) 
in Corydalis , although there were no effects on seed 
set here. In fact robbery can sometimes alter the be¬ 
havior of the normal visitor or pollinator quite subtly, 
via changes in flower shape or appearance, or via the 
reward, so that the animal moves more pollen more 
effectively. For example, Goulson et al. (2007) showed 


that bumblebees and honeybees could detect robbed 
flowers of Tropaeolum and tended to inspect but by¬ 
pass them, increasing their own average reward per 
flower visited while also moving around the flower 
patch more than would otherwise have occurred. 

In at least a few cases the robbers may have another 
beneficial effect, by encouraging ants to move in to 
exploit the holes as secondary thieves. The presence of 
the ants may then benefit the plant by reducing herbi¬ 
vore numbers, as documented for Linaria flowers in 
the Rockies, where seed-eating beetle attacks were 
greater on the unrobbed and relatively ant-free flowers 
(Newman and Thomson 2005). 

A further possible benefit is that a robber may also 
effect some pollination itself, for example by robbing 
for nectar first but then visiting properly for pollen, or 
by receiving pollen on its body while biting the corol¬ 
la; Koeman-Kwak (1973) showed that short-tongued 
bumblebees pollinated some Pedicularis despite act¬ 
ing as robbers. InAnthyllis flowers about 45% of visits 
were by legitimately visiting Anthophora bees and a 
further 45% by short-tongued robbing bumblebees, 
yet the robbed flowers had a higher seed set than the 
unrobbed ones because the bumblebees did inadver¬ 
tently contact anthers while making their corolla holes 
(Navarro 2000). 

For these various reasons, it may be not uncommon 
for thieves to have a degree of positive effect on plants, 
and some of them may even be best regarded as mutu- 
alists, depending on the relative abundance of thieves 
and legitimate visitors at a given time and place. But 
we should retain a sense of proportion here, as net ben¬ 
efits are probably relatively rare; Irwin (2003) con¬ 
cluded that negative effects from reduced visitation 
and increased departure usually far outweighed any 
bonus accruing from factors such as reduced geito- 
nogamy. Perhaps not surprisingly then, plants may 
have subtle ways of responding to and partly compen¬ 
sating for the negative effects of robbery. Irwin et al. 
(2008) noted that some “tolerance” of floral larceny 
could be achieved by “banking” some extra flowers on 
larger inflorescences, in both Polemonium viscosum 
and Ipomopsis aggregata, although at high thief den¬ 
sity the effect became rather limited. As another ex¬ 
ample, nectar robbery reduced the duration of the male 
phase in the protandrous Impatiens capensis (Temeles 
and Pan 2002), presumably because after robbery the 
chances of all the remaining pollen being removed 
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were lower than the chances of receiving enough in¬ 
coming pollen in the female phase to fertilize the 3-5 
ovules in this plant. 

This is a suitable place to note that cheats are always 
likely to be rarer than legitimate visitors in any one 
system, of necessity; otherwise a natural or coevolved 
community would potentially collapse. Hence, for ex¬ 
ample, nectar-robbing hummingbirds are always far 
less abundant than “proper” hummingbird visitors in 
any one natural community. 


4. Other Cheats: Floral Exploitation by 
Hitchhikers and Ambushers 

One other possible kind of cheating in visitor-flower 
relationships concerns an animal making use of the 
flower not directly as food but as habitat; either as a 
convenient microclimate to rest in, or as a meeting 
place or bus station, as discussed in chapter 9. Any 
such interactions may in turn influence the efficiency 
of pollination. 


Flowers as Places to Encounter Prey 

Flower visiting is not a risk-free occupation; indeed 
there are substantial predation risks to pollinators, pre¬ 
cisely because predators can reliably predict that they 
will encounter particular kinds of prey on particular 
flowers. This in turn engenders some risks to the plant, 
whose pollination may be compromised; and these ef¬ 
fects have almost certainly been underestimated in the 
past (Dukas 2001a). In this situation, the predators be¬ 
come flower cheats. 

Flower predators can be conveniently split into two 
types, the ambush predators who sit on or close to 
flowers to await prey, and some nonambush types. 
Ambush predators include many generalist predaceous 
bugs, some larger ants, and some beetles. There are 
also specialist sphecid wasps in the genus Philanthus 
(commonly known as bee-wolves because they prey 
on flower-visiting bees) which can cause local reduc¬ 
tion in bumblebee densities (Dukas 2001a, 2005) and 
associated reduction in local pollination of specialist 
bumblebee plants such as Aconitum. Perhaps most 
spectacular among the ambushers are various kinds of 


preying mantids and crab-spiders that are often excep¬ 
tional floral mimics and thus become cryptic as they 
await incoming prey (plate 32G,H). Several bugs and 
spiders do take some nectar while resident on their 
flowers, and some may include pollen in their diet; 
mantids do so especially when only just hatched 
(Beckman and Hurd 2003). However, as these preda¬ 
tors are by definition fairly stationary, they must be 
acting purely as pollen thieves and not as potential 
pollinators. 

Crab-spiders respond to just the same advertise¬ 
ment signals as do the pollinators when choosing flow¬ 
ers to wait on (Heiling et al. 2004), that is, visual cues, 
the presence of high reward, and above all olfactory 
signals. Usually they are cryptic, and naive flower visi¬ 
tors do not detect them in time to avoid the flower, al¬ 
though experienced Apis do avoid flowers with spiders 
on them (Dukas 2001a,b), particularly recognizing 
the cues given by spider forelimb shapes (Goncalves- 
Souza et al. 2008). Reader et al. (2006) found that 
Apis were better at avoiding spider-occupied flowers 
than was the solitary bee Eucera, and confirmed that 
Apis would also avoid flowers with honeybee corpses 
present indicating the past or current presence of a 
predator, although this effect did vary with the particu¬ 
lar flower studied. Dukas and Morse (2005) found 
that, while honeybees were more affected than bum¬ 
blebees on milkweeds, neither was deterred to the ex¬ 
tent of reducing pollinia removal, especially when bee 
abundance was high. Heiling et al. (2006) showed that, 
remarkably, honeybees were induced to prefer a chry¬ 
santhemum flower that had a crab-spider sitting off 
center on it and creating an enlarged area of color con¬ 
trast, compared with a vacant flower. Hence the effect 
of crab-spider predation varies greatly not only with 
visitor type and abundance, but also with flower type, 
mainly dependent on how efficiently predator crypsis 
maintains flower attractiveness and even with poten¬ 
tially increasing attraction if the predator gets its own 
behavior just right. Given appropriate circumstances, 
invertebrate ambush predators can clearly have signifi¬ 
cant effects on pollination outcomes and eventual seed 
set (e.g., Suttle 2003). 

On a larger scale, vertebrate ambushers include the 
birds known as bee eaters (Meropidae). While taking a 
wide range of insect prey, these birds have a particu¬ 
larly high intake of honeybees in North America, 
whereas the European bee eater prefers bumblebees, 
with a 33% success rate per attack. Other birds that 
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will take flower visitors include flycatchers, swifts and 
swallows, shrikes, and drongos, while small to medi¬ 
um-sized raptors are fairly regular attackers of hum¬ 
mingbirds. Bats active in the evenings inevitably go 
for flower-visiting moths; and there are occasional in¬ 
stances of bats themselves being taken at flowers by 
snakes (Hopkins and Hopkins 1982). 

Among the nonambush predators with different 
strategies for capture the most important are probably 
the orb-web spiders, using their carefully sited webs to 
snare flower visitors that are moving between plants. 
Some species of Nephila have golden-colored webs 
that seem to attract unusual numbers of bees. Robber 
flies and dragonflies may also take flower visitors as 
they move to and from their flower patches. Perhaps 
more surprising are the effects of bird insectivores, no¬ 
tably swallows and swifts; Meehan et al. (2005) docu¬ 
mented reduced seed set occurring in sweet clover 
(Melilotus officinalis) close to cliff-swallow nesting 
sites. 

There are also parasitoids and parasites that use 
flowers to encounter hosts, in particular a range of 
parasitic wasps that use insects as their hosts and ex¬ 
ploit flowers as sites to locate them. Many of these also 
take some nectar from flowers, and Patt et al. (1997) 
showed that floral architecture had substantial effects 
on parasitoid feeding success (with more open flowers 
on umbels best suited to attract parasitoids, thought to 
be part of a possible pest-control strategy for crops). 
Conopid flies are probably the worst parasitoids for 
bumblebees, which regularly suffer around 10%-15% 
infestation, and if not lethal this can certainly reduce 
lifespan (Otterstatter et al. 2002). Phorid flies also at¬ 
tack Bombus and Apis and may steal pollen from them. 
Mites are often exceptionally abundant as ectopara¬ 
sites on the outer surfaces of bees and can become so 
numerous that they incapacitate the insect; Varroa 
mites (currently a major concern as pests of honey¬ 
bees; chapter 29) also affect learning and behavior 
(Kralj et al. 2007). 

Given this range of possible enemies to be encoun¬ 
tered on and around flowers, predation can sometimes 
be frequent enough to influence floral visitors and pol¬ 
lination outcomes. Existing records show that around 
3%-10% of bees do not return from any one foraging 
trip (fig. 24.4), with rather higher rates in honeybees 
than in bumblebees. More specifically, bumblebees 
had a 14% chance of crab-spider attack when visiting 
Asclepias (also shown in fig. 24.4; from Morse 1981b). 



Figure 24.4 Daily rates of attack and of predation, and of bees not re¬ 
turning from foraging bouts as recorded at the nests; these are high¬ 
er for honeybees than for bumblebees excepting the rate of attack at 
flowers, which can reach 14% for bumblebees. (Modified from Dukas 
2001a, based on several sources.) 


It seems that bees (and perhaps most other flower- 
visiting insects, with rather similar visual systems) are 
poor at spotting motionless cryptic predators such as 
crab-spiders and mantids, although they may detect 
the predator odor or scents left by previously dam¬ 
aged prey. 

The visitors should not be passive in all this, how¬ 
ever. Avoidance of plants where risks are higher would 
be an obvious response. Social bees appear to do this 
and also to become more risk-averse when well fed. 
There is good evidence of specific avoidance learning, 
so that a bee that has been subject to disturbance or 
attack on a flower will not go back to that patch or that 
flower, and more experienced foragers pick up cues of 
danger more readily than naive foragers. Not surpris¬ 
ingly, then, bee-wolves catch a higher proportion of 
bees with relatively unworn wings, that is, younger 
and less experienced individuals. Bees also learn of 
dangers at the colony level, so that the numbers emerg¬ 
ing to forage will drop markedly (from 90 per minute 
to 4) when a bee eater is active in the vicinity. Butter¬ 
flies also appear to learn to avoid danger spots, so that 
Heliconius (which normally come back repeatedly to 
the same feeding sites) do not return if briefly captured 
and released. 

Alternative strategies to reduce predation include 
varying the time of foraging in ways that shift the ac¬ 
tive period away from that of the predator, or more 
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drastically switching plants (with very clear conse¬ 
quences for the original host plant). And the visitor’s 
morphology may also come into play as a defense; 
longer legs or longer tongues might limit the risk of 
being caught, and an even longer tongue allows a pol¬ 
linator to swing hover some distance from the flower 
and so be extremely hard to catch (Wasserthal 1993; 
see chapter 14). 

Birds as a group are reported to maintain lower fat 
reserves under high predation risk, which increases 
their maneuverability, and this general response prob¬ 
ably applies to hummingbirds. It may be that some 
insects do the same thing, in terms of food loads car¬ 
ried; it would be useful to reduce the load if predation 
occurs at the flower, but perhaps to increase it (and so 
decrease the number of trips needed) if predation oc¬ 
curs in flight, although this has not been explicitly 
tested. 

In the longer term, being aposematic would be an¬ 
other possible response to high predation risk, and the 
presence of groups of similarly colored bumblebees 
(implying Mullerian mimicry) has been interpreted in 
this light (reviewed by P. Williams 2007). 

Do the flowers help? Having traits that help to deter 
predators and reduce predation risk to pollinators 
might make good adaptive sense for a plant. The de¬ 
fensive strategies against herbivores are extremely well 
known, with chemical defenses in leaves especially 
obvious, and these could readily be extended to supply 
a defensive chemistry in flowers (see Detzel and Wink 
1993; Carisey and Bruce 1997) and specifically in nec¬ 
tar (Adler 2000; Adler et al. 2001; Irwin et al. 2004) or 
pollen (Roulston and Cane 2000). An alternative to 
chemical defenses would be a floral morphology that 
did not provide an easy cryptic background or offer 
any suitable hiding place near the nectar or the anthers. 
Perhaps concealed nectar has a benefit in being hard 
for predators to find, so that they are less likely to 
choose such a flower to ambush from. A short floral 
lifespan (less than a day) would also be useful, so that 
the predator would have to move to new flowers regu¬ 
larly and reduce its hunting period (and perhaps spi¬ 
ders would have to resite their webs more often). 

We have mentioned various ways in which visitors 
might avoid predators and ways that flowers might 
help to reduce predation risks for visitors, but all of 
that begs the question as to whether the predators are 
always deleterious for the flowers. It would seem that 
predators on flowers attacking incoming pollinators 


would inevitably be bad news for pollination success, 
and that may often be true, especially when casualty 
proportions are high. But predators can at least some¬ 
times also be partly beneficial, and in at least two very 
different ways: 

1. They reduce the effects of herbivorous insects on 
the plant (Romero et al. 2004), with knock-on 
benefits of a reduced loss of photosynthate and 
perhaps reduced florivory 

2. They may startle but not attack the incoming flow¬ 
er visitors, so keeping potential pollinators moving 
around more and effecting more outcrossing. 

Flowers as Places to Encounter Mates 

The possibility of encountering a mate is almost cer¬ 
tainly an additional attraction of flowers for nonresi¬ 
dent predators such as conopids, but it may also be 
relevant in quite a range of more traditional pollina¬ 
tors. Male bees very frequently wander about flower 
patches seeking incoming females (see plate 29G) and 
may indeed hold and patrol territories around espe¬ 
cially rewarding flower patches as a way to attract 
good mates. Mating on flowers is thus rather common 
(plates 1C and 5C). However, as discussed in chapter 
18 these males are rarely cheats and can themselves be 
rather effective as pollinators. Hummingbirds and 
some perching birds show the same habits of seeking 
mates around flowers and again may feed and polli¬ 
nate as they do so (see chapter 15). 

Flowers as Places to Flitch a Lift 

Technically this is termed phoresy. Many flowers pro¬ 
vide habitats and breeding sites for flower mites, 
which may also feed on nectar and/or pollen, and these 
mites can disperse and find new habitats only by trav¬ 
eling on the body of a flower visitor. This may be a 
bee, a moth or butterfly, or a bat (large bats have been 
recorded carrying up to 360 mites at a time). But prob¬ 
ably the best-known examples are the mites that live in 
hummingbird nostrils and beaks, and hitch around be¬ 
tween flowers via the birds’ tongues, leaping on to a 
tongue inserted in a flower and thus getting carried to 
another flower. There can be quite specific associa¬ 
tions between flower species, bird visitor, and mite 
species (Colwell 1986), although some mites are more 
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polyphagous. The more specialist mites appear to rec¬ 
ognize their host plant by scent and to use cues from 
the nectar as a trigger to disembark (Heyneman et al. 
1991); and their rate of hitchhiking increases in suc¬ 
cessive instars. 

In some cases the mites consume quite a high pro¬ 
portion of the floral nectar, for example up to 50% in 
long-lived Moussonia flowers (Lara and Ornelas 2002) 
and a similar proportion even in very short-lived Heli- 
conia species (da Cruz et al. 2007). While this is likely 
to be classified as theft, and potentially bad for the 
plant, it may at the same time influence pollinator 
movements between flowers to give some benefit to 
the plant (and indeed the mite). 

Bee-mites such as Varroa are parasitic on bee lar¬ 
vae once in the nest, also transmitting many viruses, so 
their phoretic habit is potentially seriously deleterious 
for a bee host. As they use phoresy to disperse between 
flowers and thus to find new hosts, and also to encoun¬ 


ter mates, these last three categories of floral cheats 
begin to overlap somewhat confusingly! 

5. Overview 

While both plants and visitors have many ways of 
cheating, it seems that the diversity and deviousness of 
cheating by the plants, covered in the last chapter, are 
substantially greater than the surreptitious stealing and 
ambushing that goes on in the animals, where even 
obvious cheats are often in fact giving an indirect ben¬ 
efit to the plant. This may seem a little surprising at 
first, given the stationary and rather passive character 
of a plant compared with the sophisticated behavioral 
repertoires of its visitors; but is probably not surpris¬ 
ing when thought of, once again, in terms of the life- 
dinner principle, and what each participant has at 
stake. 


Chapter 25 

THE INTERACTIONS OF POLLINATION 
AND HERBIVORY 


Outline 

1. Effects of Florivory on Pollinators 

2. Effects of Herbivory on Flowering and 
Pollination 

3. Defenses against Florivory and Herbivory 
Affecting Flowers 

4. Overview 


Herbivores in the broadest sense include not just foli- 
vores whose diet is green leaves, but also browsers 
on twigs and bark, seed predators, underground root 
feeders, florivores, and even nectar robbers. Herbivory 
is not just due to animals, though: the effects of 
fungal spores are often very evident on flowers and 
flowering patterns, and other decomposers that gain 
entry through any damage to the plant’s protective 
surfaces can also have a massive effect on overall plant 
growth and hence on resources allocated to flowering. 
Pollinators and herbivores therefore rarely operate 
completely independently, and although in the past 
there was a tendency to recognize only the effects of 
specific and direct damage to flowers (florivory), more 
recently there has been analysis of broader herbivore 
effects, as one part of the wider investigation of non¬ 
pollinator agents of selection on floral traits (see Eh- 
rlen 2002; Strauss and Whittall 2006; Wackers et al. 
2007). Several levels of interaction between flower 
visitors and the agents that damage plant tissues can be 
identified: 


1. At the simplest level, many pollinators can dis¬ 
criminate between damaged and undamaged plants 
(or flowers), and prefer the latter 

2. Herbivory depletes a plant’s resources, and this 
will often affect the allocation made to flowering, 
and to specific floral features that alter pollinator 
behavior, inducing the more complex and interest¬ 
ing effects that form the centerpiece of this 
chapter 

3. The act of flowering may make a plant both more 
conspicuous (since it normally involves advertis¬ 
ing signals) and more attractive to a herbivore, 
raising additional conflicts for the plant. 

Thus when herbivores and pollinators are both active 
on plants, there is much scope for differential selection 
on plant traits, and pollinator-mediated selection can 
sometimes be overwhelmed by opposing selective 
forces operating due to herbivory. This can result in 
increased genetic variation and a compromise pheno¬ 
type and could potentially promote generalization in 
the flowers (see chapter 20). This chapter explores the 
balance between such potentially conflicting selective 
influences on a flowering plant, from both florivores 
and more general herbivores, and some ways in which 
the conflicts can be resolved. 

1. Effects of Florivory on Pollinators 

Florivory can involve complete removal of flowers by 
larger feeders, mainly vertebrate grazers but also in¬ 
cluding large beetles or orthopterans and even occa¬ 
sionally the tree-climbing grapsid land crabs that eat 
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the petals, stamens, and stigmas of some bromeliads 
(Canela and Sazima 2003). Alternatively, florivory can 
refer to partial damage to flowers by smaller insects 
and a few other invertebrates. Quite often the smaller 
but more numerous insect feeders inflict greater over¬ 
all damage to plant fecundity (e.g., Amsbery and Ma- 
ron 2006). 

Total removal of flowers not only cuts out any pos¬ 
sible reproductive output from the missing blooms but 
also affects the floral display and the plant’s overall 
appearance, potentially deterring pollinators, altering 
phenology, and possibly affecting resource allocation 
to new flowers. Sharaf and Price (2004) documented 
the effects of flowering stalk removal in Ipomopsis ag- 
gregata, resulting in increased branching of new inflo¬ 
rescences; neither hummingbirds nor robbing bumble¬ 
bees showed any preference for browsed or unbrowsed 
stalks, but the delay to flowering did make the plants 
miss the peak hummingbird season, giving lower per 
flower visitation rates and lower fruit set. 

More localized damage to an individual flower 
could occur in several ways, each with different pos¬ 
sible effects: 

1. Effects on advertisement: most obviously the al¬ 
teration of shape by removal of petal tissue, poten¬ 
tially affecting pollinator choice (selection or 
avoidance of that flower), or behaviors such as in¬ 
trafloral movement after choosing the flower, or 
constancy (i.e., decisions to visit further flowers) 

2. Effects on reward: feeding on nectar or pollen, 
damaging nectaries or more subtly the protective 
features affecting nectar concentration, or damag¬ 
ing anthers; possibly affecting pollinator choice, 
but more likely to affect behavior or constancy 

3. Damage to reproductive structures: potentially af¬ 
fecting production or dispensing of pollen, or its 
deposition, or both, and also subsequent fertiliza¬ 
tion processes; there are no direct effects on most 
pollinators unless advertisement signals are also 
affected. 

All of these outcomes could have substantial influ¬ 
ences on the plant’s pollination and reproductive suc¬ 
cess. Where the reproductive structures are damaged 
this is usually obvious, but where advertisements or 
rewards are altered there has been rather little investi¬ 
gation of the outcomes; in fact, until recently the 
common occurrence of nectar and pollen feeding by 


herbivores was underappreciated (Wackers et al. 
2007). 

One well-known effect relating to advertisement is 
the avoidance of damaged flowers by visitors, docu¬ 
mented for Erigeron (Karban and Strauss 1993), for 
Isomeris (Krupnick et al. 1999), for Rudbeckia (Ham- 
back 2001), and for hawkmoths on Oenothera (Moth- 
ershead and Marquis 2000). Effects are especially no¬ 
ticeable where a complex flower has some part of its 
symmetrical features removed, or where a labiate-type 
flower has either its upper or lower lip removed. In 
Linaria, removal of the lower petal reduces visitation 
and lowers fruit production (Sanchez-Lafuente 2007a), 
and in Lavandula the effects of the removal of the up¬ 
per flag were described in chapter 5. Damage by bee¬ 
tles to petals of Lepidium (Brassicaceae) almost halved 
the fruit set, although the flowers were still fully func¬ 
tional if hand-pollinated (Leavitt and Robertson 2006). 
Birds can be affected too, hummingbirds showing re¬ 
duced visitation rate to damaged Mimulus flowers 
(Pohl et al. 2006). 

As an example of effects on rewards, Krupnick 
et al. (1999) found that when florivores were excluded 
from Isomeris the remaining undamaged flowers often 
produced more nectar and more anthers; but the gener¬ 
ality of this effect and its temporal and spatial pattern¬ 
ing across a plant are largely unexplored. 

The balance of effects of florivory on a plant’s mat¬ 
ing system could clearly be highly variable. Penet et 
al. (2009) pointed out that a florivore-induced decrease 
in flower number might lead to decreased selfing (less 
intraplant pollen movement) or to increased selfing 
(fewer visitors and more facilitated or autonomous 
selfing); in Fragaria virginiana they found that the lat¬ 
ter predominated, but other species with different self¬ 
ing abilities may respond in the other direction. The 
timing of damage is also critical to the overall out¬ 
come, so that florivory at the bud stage produced more 
reduction in fruit production in Iris gracilipes than did 
damage at the flower or early-fruit-set stages (Oguro 
and Sakai 2009). 

2. Effects of Herbivory on Flowering 
and Pollination 

The effects of herbivory can be either direct or indirect 
(Mothershead and Marquis 2000). Direct effects occur 


556 


Chapter 25 


Direct effects Indirect effects Fitness 

on floral traits through pollinators components 


Herbivory 


Petal size 

Flower no. 

1 

Ovule no. 

I 

Ovule size 

Pollen production 
t 

Pollen size/quality 
t 

Nectar production 
I 

Nectar sugar cone. 


Floral chemistry/volatiles 



^ Attractiveness 



No. seeds 
per plant 

1 t 

Seed size 


No. seeds 
sired 


> Female 
fitness 


\ Male 
/ fitness 


Figure 25.1 An overview of possible effects of herbivore activities on flowering, in terms of both male and female 
fitness. (Modified from Strauss 1997.) 


where female fitness is reduced through lower seed 
production due to declining resource levels, after loss 
of leaf area. Indirect effects occur when a folivore me¬ 
diates changes in floral traits that in turn influence pol¬ 
linator preference or efficiency, so reducing pollen 
export and/or pollen receipt. 

Direct Effects on Flowers 

Herbivores almost by definition both damage the plant 
and deplete its resources. This can involve a whole 
range of effects at different scales: 

1. Removal of large parts of the above-ground bio¬ 
mass, especially when grazing ungulates and other 
vertebrates are the perpetrators 

2. More subtle effects on leaves from small insect 
herbivores that nibble away tissue (caterpillars, 
beetles, orthopterans, etc.) 

3. Very minor surface damage but loss of photosyn- 
thate to insects that pierce and suck out fluids 
(aphids and other bugs) 

4. Damage to below-ground roots, as yet a largely 
unexplored area of interactions, but just beginning 
to be documented (Blossey and Hunt-Joshi 2003; 
Poveda et al. 2003, 2005) 

The relative effects of these various types and sites 
of damage have rarely been compared, although Pov- 
eda’s group found that the greatest effects on Sinapis 
plants came from leaf herbivores, in part offset by in¬ 
creased nutritional inputs from underground decom¬ 
poser activity. 


Indirect Effects on Flowers 

All the levels of damage outlined above can indirectly 
affect many of the floral features that also alter pollina¬ 
tor behavior and pollination outcomes. Studies to ex¬ 
amine specific effects of leaf damage on flowers flour¬ 
ished for a decade or so from the mid-1990s and 
documented a whole range of effects, although earlier 
studies varied markedly in how specifically or rigor¬ 
ously they took account of the relative timing of (sim¬ 
ulated) herbivory and flower development. It is only in 
the last few years that issues of timing have been taken 
into account, and that potential interactions with other 
selective agents have been added in to the analyses. 
The additional possibility of effects lasting beyond one 
season and impacting on lifetime reproductive success 
(e.g., Ehrlen 2002) has only very recently been fully 
considered. Nevertheless, it is worth reviewing the 
various effects on flowers that have been recorded thus 
far; figure 25.1 summarizes many of the possibilities. 

Flowering Phenology and Flower Position 
Strauss et al. (1996) found that moderate defoliation in 
Raphcmus delayed flowering time, and Frazee and 
Marquis (1994) recorded similar delays in Chamae- 
crista. Reduced inflorescence height was recorded in 
damaged wild strawberries, though with no effect on 
number of open flowers per day (Cole and Ashman 
2005). In Erigeron, caterpillar herbivory on apical 
buds led to increased growth of axillary buds and 
change of architecture but no overall change in flower 
number (Karban and Strauss 1993). Kliber and Eckert 
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(2004) found that herbivory in Aquilegia canadensis 
was the main adaptive reason for decline in allocation 
to pollen in successive flowers up a spike. 

Flower Number and Duration 

Reduced flower number is a rather common response 
to herbivory, occurring, for example, in Oenothera 
(Mothershead and Marquis 2000) and Cucurbita (Que- 
sada et al. 1995) with simulated herbivory, and in Rud- 
beckia when fed on by spittlebugs, leading to reduced 
seed set (Hamback 2001). Karban and Strauss 1993) 
also found a reduced flower number in Erigeron plants 
damaged by spittlebugs (although not when damaged 
by caterpillars, as above). 

Size of Flowers and Floral Components 
Size effects have been recorded in both directions in 
response to herbivores. Increased petal size occurred 
in wild strawberries (Cole and Ashman 2005), thus in¬ 
creasing pollinator attraction to damaged plants. But 
petal size decreased in Raphanus (Lehtila and Strauss 
1999), and smaller female flower size was recorded in 
Cucumis (Thomson et al. 2004) and in Oenothera 
(Mothershead and Marquis 2000) where both diameter 
and tube length declined. In Brassica, petal size and 
stamen size were both reduced (Cresswell et al. 2001), 
and in Chamaecrista both ovules and stamens were 
reduced in size (Frazee and Marquis 1994). 

Flower Color and Odor 

Genes affecting floral pigments can have pleiotropic 
effects and affect the same pathways that produce de¬ 
fensive compounds to deter herbivores. Thus herbi¬ 
vores could indirectly affect flower color and lead to 
nonadaptive floral traits (Armbruster 2002). Herbi¬ 
vores may also function in the maintenance of flower 
color polymorphisms; for example, in Claytonia they 
exerted selection in the opposite direction to that of 
pollinators (Frey 2004), with flower color being rela¬ 
tively unconstrained by associations with any other 
floral trait (Frey 2007). 

The demonstration that leaf damage also affected 
flower odor in Cucurbita pepo, with increased fra¬ 
grance production in male flowers (Theis et al. 2009), 
may open up new research on odor as another media¬ 
tor of pollinator-herbivore interactions. 

Pollen Abundance 

Anther number was reduced in Isomeris after her¬ 
bivory by beetles (Krupnick et al. 1999), leading to 


substantially lower pollen production. Pollen decreas¬ 
es (in grain size as well as number) were also recorded 
in Chamaecrista (Frazee and Marquis 1994), Raphanus 
(Lehtila and Strauss 1999), Alstroemeria (Aizen and 
Raffaele 1998), Cucurbita (Quesada et al. 1995), and 
Ipomoea (Hersch 2006). Avila-Sakar et al. (2003) 
found increases in pollen grain number in Cucurbita 
pepo but only if leaf damage occurred after meiosis 
was already complete within the bud; they also showed 
that the increased pollen production occurred only 
where simulated damage was concentrated locally 
rather than dispersed (Avila-Sakar and Stephenson 
2006), a variable that has rarely been explored before. 

Pollen Performance 

This can effectively be measured as the rate of pollen 
tube growth, and was shown to be reduced in Cucur¬ 
bita (Quesada et al. 1995), Alstroemeria (Aizen and 
Raffaele 1998), and Lobelia (Mutikainen and Delph 
1996) following leaf herbivory. Delph et al. (1997) re¬ 
viewed this effect and its likely dependence on the 
provisioning of pollen grains. 

Nectar Quantity or Quality 

Undamaged flowers of Isomeris produced three times 
as much nectar as damaged flowers (Krupnick et al. 
1999). But effects could also operate through plant de¬ 
fenses, with more alkaloids induced in nectar of Nico- 
tiana after herbivore damage to the leaves (Adler et al. 
2006). 

Interacting Male and Female Effects 
Whilst many earlier studies focused on particular plant 
traits, more recently some have attempted to compare 
overall male and female effects, given that it might be 
possible for plants to compensate for resources lost to 
herbivores by shifting allocation from seeds to pollen, 
or vice versa. In Raphanus the male flower traits were 
usually more affected than female traits (Lehtila and 
Strauss 1999), but damaged plants often showed great¬ 
er success in siring seeds, probably because they in¬ 
creased relative allocation to flowers; the effect disap¬ 
peared in an environment with more resources available 
(Strauss et al. 2001). In Cucumis, Thomson et al. 
(2004) found that herbivory (in this case by snails) 
during flowering produced more plants without any 
male flowers, so that there was less pollen export; the 
size of female flowers was also reduced but with no 
effect on pollen receipt, so that the decreased invest¬ 
ment in male function could be seen as adaptive. 
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Hersch (2006) specifically tested relative effects of 
damage to male and female functions in Isomeris, 
showing that damaged paternal plants sired fewer off¬ 
spring, while damaged maternal plants were more se¬ 
lective (i.e., exerted a greater degree of female choice 
about their partners) than undamaged ones. In orchids, 
male reproductive traits seemed to be more buffered 
than female traits against defoliation influences (Pel¬ 
legrino and Musacchio 2006). However, in gynodioe- 
cious wild strawberry ( Fragaria) the sexes differed in 
their susceptibility to spittlebug damage, with her¬ 
maphrodites more susceptible than females (Cole and 
Ashman 2005), and the same was true in Geranium 
sylvaticum (Asikainen and Mutikainen 2005); perhaps 
this helps to maintain females in the populations. 

The effects listed above are known for only a lim¬ 
ited number of plant species and mainly concern annu¬ 
als subjected to simulated herbivory under greenhouse 
conditions. A few studies on perennials such as Paeo- 
nia (Sanchez-Lafuente 2007b) have shown rather little 
plasticity in resource allocation between sexual struc¬ 
tures and functions, and in the shrub Cnidoscolus 
in Mexico defoliation tended to reduce the number 
of male flowers but floral visit rates were unaffected 
(Arceo-Gomez et al. 2009). However, studies on Aca¬ 
cia trees in East Africa (where herbivores were mainly 
grazing mammals) revealed effects on inflorescence 
size and anther number and hence pollen quantity (fig. 
25.2; Otieno et al. 2010). Work on perennial Hellebo- 
rus in Spain (Herrera et al. 2002) also showed impor¬ 
tant interactions of pollinator and herbivore selection 
regimes, with marked fitness increases across more 
than one season for plants that had the “best” combi¬ 
nation of pollinator attraction and antiherbivore de¬ 
fensive traits. The most extensive review to date on a 
perennial is that of Ehrlen (2002) with Lathyrus, docu¬ 
menting complex interactions between mollusk dam¬ 
age to shoots, vertebrate damage to mature plants, seed 
predation, florivory, and pollination, but finding that 
some effects took more than one season to appear. In 
that light, much of what has been documented above 
as short-term effects probably needs revisiting. 

These recent studies also highlight how unfortunate 
it may be that studies looking at specific reproductive 
traits have been less common recently, even though no 
clear patterns have yet emerged. Many of the analyses 
of effects on pollination from herbivores and other 
countering influences have moved on to a habitat or 
community scale, often with only seed outputs being 
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Unbrowsed Browsed Heavy browsed 


Figure 25.2 Effects of natural and artificially enhanced browsing 
levels, in three acacia tree species, on aspects of flowering, as com¬ 
pared with protected unbrowsed areas: (A) diameter of inflorescences, 
(B) florets per inflorescence, and (C) anthers per floret. Note that 
A. nilotica has smaller pollen amounts when browsed, largely due to 
smaller inflorescences, while A. etbaica shows some compensatory 
effects and produces more anthers per floret when heavily browsed. 
(Modified from Otieno et al. 2010.) 
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measured for particular plants; it is therefore almost 
impossible to know which mechanisms underlie a 
change of reproductive success in any particular 
scenario. 


Indirect Effects on Pollinators and Their Visits 

Damage to plants due to folivores or herbivores in any 
of the ways outlined in the last sections could poten¬ 
tially influence pollinator behavior, although rather 
few studies have pursued this. Damage that relates to 
attraction or to resources available from a plant (or a 
patch of plants) could reduce visits to the undamaged 
flowers as well as to the damaged ones. Strauss et al. 
(1996) recorded fewer pollinator visits to damaged 
plants of Raphanus, with fewer flowers probed and 
less time spent per plant, and Suarez et al. (2009) doc¬ 
umented fewer and shorter flower visits on Alstroeme- 
ria plants after these had incurred foliar damage and as 
a result had fewer open flowers. Similar effects oc¬ 
curred in Isomeris (Krupnick and Weis 1999; Krup- 
nick et al. 1999), where pollen beetles ( Meligethes ) 
had damaged flowers in ways that made whole inflo¬ 
rescences less attractive so they received fewer bee 
visits (53% fewer per plant and 68% fewer per surviv¬ 
ing flower) and suffered 65% reduced pollen export. 

The results described above for Acacia (Otieno et 
al. 2010) also showed indirect effects on pollinator 
visit timings, in particular affecting the period of bee 
visitation (fig. 25.3); the bees visited flowers on the 
browsed trees only later in the morning, after the more 
attractive and rewarding flowers on the nonbrowsed 
(herbivore-excluded) trees were presumably depleted. 
However, this kind of indirect effect may be rather un¬ 
common. Vazquez and Simberloff (2004) found that 
nine out of ten species they tested showed no indirect 
effects of ungulate herbivory on pollinator visitation, 
pollen deposition, or reproductive output. 

Effects on Selection 

Selection against herbivory can at least sometimes 
completely overwhelm pollinator-mediated selection, 
as mentioned briefly in chapters 11 and 20. For exam¬ 
ple, Gomez (2003, 2005), working with Erisymum in 
Spain, showed that in areas with ungulates present pol¬ 
linators had no effect on plant fitness, whereas pro¬ 


tected areas (i.e., with herbivores excluded) showed 
good correlations of visitation rate (for beetles, bees, 
and syrphids) with plant fecundity. He also showed 
(2008) that the direction of selection from pollinators, 
herbivores, and gall-makers could vary markedly be¬ 
tween years and between life-cycle stages. 

Irwin and Adler (2006) tested the traits of distylous 
Gelsemium flowers that affected pollinators, flower 
robbers, and herbivores. They found that leaf and 
flower alkaloid defense levels were correlated, and 
that the thrum morphs of the plant received only half 
as much pollen as the pin morphs that had much weak¬ 
er chemical defenses, so that traits associated with pol¬ 
lination and with herbivore resistance were not 
independent. 

Matters are made more complicated where the pol¬ 
linators are also the herbivores, as with many lepi- 
dopterans, where the larvae feed on the same plant that 
the adults pollinate and use for oviposition. The case 
of Datura and its dual interactions with Manduca 
moths presents an ideal study scenario here (Bronstein 
et al. 2009). For example, increased floral nectar pro¬ 
duction attracted more moths and more pollination but 
also led to more oviposition on the plant by the female 
moths (Adler and Bronstein 2004), giving directly 
conflicting selection pressures. 

3. Defenses against Florivory and Herbivory 
Affecting Flowers 

Physical and Chemical Defenses 

Chapter 24 considered possible defenses for flowers 
against robbery, especially by ants, and a rather similar 
set of possibilities exists for defense against herbi¬ 
vores. Physical and chemical defenses are very well 
known for a huge array of plants, either or both being 
potentially constitutive at fixed levels depending on 
plant age, or inducible under the influence of herbivore 
damage (or indeed of receipt of volatile signals indi¬ 
cating damage to nearby plants). 

Whereas physical defenses tend to occur in stems 
and sometimes calyces, so that enemies never reach 
the flowers, there are occasions when chemical de¬ 
fenses can occur in the flowers themselves. Nicotiana 
flowers developed more nicotine in the corollas when 
under attack by leaf herbivores (Euler and Baldwin 
1996), and Raphanus flowers had higher glucosinolate 
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Figure 25.3 Effects of browsing levels on flower visitation 
in Acacia nilotica, where unbrowsed protected trees 
receive far more visitors (A), primarily due to the large 
early peak of bee visits seen in (B); on unbrowsed trees 
bee visits are fewer and later in the day, peaking around 
1 300. Similar effects occurred for A. brevispica and 
A. etbaica. (Modified from Otieno et al. 2010.) 


levels when the leaves were damaged (Strauss et al. 
2004). A particularly interesting example is the pres¬ 
ence of cyanide defenses in the flowers of some Hakea 
species with red flowers pollinated by birds, although 
in the same genus those species pollinated by insects 
have no such floral chemical defense and are instead 
protected by leaf spines (Hanley et al. 2009). Thus the 
pollination and defense traits effectively covary, and 
the authors speculated that preexisting antiflorivore 
defenses may have been more important than selection 
for particular pollinators in the evolution of floral 
characters. 

Direct effects on flower defenses when a plant un¬ 
dergoes florivory are much less well documented, 
but Nemophila flowers damaged artificially or attacked 


by caterpillars did gradually develop increased resis¬ 
tance, and suffered less subsequent petal damage (Mc¬ 
Call 2006). 

Biotic Defenses: Ant Guards and 
Ant-Piant Mutualisms 

The phenomenon of biotic defense using ant guards 
deserves more attention here, as it often impacts di¬ 
rectly on pollination ecology. Many plants are visited 
and patrolled by ants that feed from their extrafloral 
nectaries (chapter 24, section 2, Selective Effects: Pro¬ 
tection against Theft). But there are more specific and 
interesting relationships where coevolution between 













Pollination and Herbivory • 561 


particular ants and specific plants has occurred, going 
well beyond simple bribery scenarios (e.g., Beattie 
1985). Best known are the acacia trees, part of a large 
genus (more than 700 species, although sometimes 
split into three genera) present as trees and shrubs in 
all the southern continents. Acacias are often the only 
trees among dominant grasses in savanna habitats and 
are well known for being very spiny, providing a de¬ 
fense against large vertebrate herbivores. About 10% 
of the spiny acacias have a proportion of their thorns 
greatly expanded, and these swollen pseudogalls pro¬ 
vide homes for aggressive ants, especially in the gen¬ 
era Crematogaster (Africa) and Pseudomyrmex (New 
World). These acacias are an example of myrme- 
cophytic plants, and the antguard-myrmecophyte in¬ 
teraction is close to being a real mutualism where the 
relationship is obligate for the ants. 

In the chosen hollowed-out thorns the ants form 
small colonies each with its own queen; there is not 
normally a species-specific interaction, and any ant 
colony is relatively unfussy about which tree it lives 
in. The workers patrol the tree and bring in nectar from 
the EFNs on the stems or petioles (outside the flowers) 
and also small insect herbivores that have attempted to 
nibble at the leaves. These ant-defended plants some¬ 
times offer EFN nectar with higher amino acid levels 
and/or reduced sucrose, both of which are known to be 
preferred by ants (Heil et al. 2005). The ants depend 
on the plant for shelter but also for virtually all of their 
food; in a few New World cases extra nutrition is of¬ 
fered by special proteinaceous food bodies at the tips 
of leaflets (Beltian bodies) that are chewed by the 
ants. 

In return for offering food and shelter, the plant gets 
protection, as the ants will aggressively attack any her¬ 
bivore that tries to eat the plant leaves, not only other 
insects but even mammals (bovids, giraffes, gazelles, 
even rhinoceroses, in Africa). And when an ant detects 
an intruding herbivore it not only bites at it itself but 
liberates an alarm pheromone that brings in many oth¬ 
er ants who also attack. At any one time 25% of the 
ants may be out of their thorns patrolling their host 
plants, but up to 50% (essentially all the old workers) 
may come out in response to attack under the influence 
of the alarm pheromone. Ants may also nip off vegeta¬ 
tion such as lianes and vines that may try to scramble 
over their tree; and they tend to destroy all seedlings 
growing within a basal ring around their tree’s trunk, 


perhaps within a 1-2 m diameter, so that this cleared 
space may also help the acacia trees resist the wildfires 
that sweep across the habitats they grow in. Clearly 
both partners—ant and tree—benefit. 

There are many other examples of myrmecophytic 
plants, and no doubt many more to be described, but 
the well-studied examples beyond the acacias are 

1. Cecropia from Central America, producing both 
EFNs and two other rewards for its ants (glycogen- 
rich Mullerian bodies at petiole bases, and lipid- 
rich pearl bodies on the undersides of leaves), 

2. Macaranga from southeast Asia, with EFNs, and 

3. Leonardoxa from West Africa, again with EFNs. 

It was originally assumed that ant-guarded plant 
species gained by being able to invest less heavily in 
chemical defenses, that is, they made some saving on 
other defenses by paying off the ants instead. When 
herbivores were excluded, certain African acacia trees 
did have fewer and shorter thorns and fewer EFNs 
(Huntzinger et al. 2004), implying that the ants were a 
useful but costly defense. Flowever, Heil et al. (2002) 
assessed three ant-plant genera and found a good neg¬ 
ative trade-off relation (biotic versus chemical) only 
for Leonardoxa, and not for either Acacia or Macar¬ 
anga. Thus use of ants is expensive and does not nec¬ 
essarily save on other defenses. In fact the use of ants 
as bodyguards may have evolved in relation to differ¬ 
ent herbivores; fibrous and tannin-rich leaves may pro¬ 
tect against generalized herbivores such as orthopter- 
ans, while the ants are particularly good against 
specialist feeders such as flower-feeding beetles, cat¬ 
erpillars, and bugs. In addition, biotic defenses can 
sometimes be made more efficient to reduce their 
costs; for example, Leonardoxa can produce an ant at- 
tractant specifically in its young leaves, ensuring that 
ants mainly patrol there and give maximum benefit 
(Brouat et al. 2000). Extrafloral nectar can be kept less 
costly by being inducible, both in Macaranga (Heil et 
al. 2001) in response to jasmonate released only when 
the plant is damaged, and in Catalpa plants when ant 
tended (Ness 2003). 

There are, however, some problems with the use of 
ant defense to protect flowers; how does an ant- 
patrolled acacia tree achieve pollination and seed dis¬ 
persal, the two aspects of its reproduction for which it 
might be expected to rely on other animals having safe 
and uninterrupted access? In most Acacia species the 
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Threat of attack by ants 


Figure 25.4 The percentage of flowers visited by pollinators in rela¬ 
tion to the threat of ant attack on those flowers (a composite of per¬ 
cent occupation by ants, mean number of ants per flower, and per 
capita effectiveness of ants as deterrents) for Ferocactus; squares show 
data for 2003, and circles for 2004. (Redrawn from Ness 2006.) 


seeds are large, pendant, and tough, and are probably 
bird- or mammal-dispersed; these dispersers are likely 
to be little bothered by the ants, and several examples 
of ant-guarded plants having higher seed set than un¬ 
guarded congeners are now known (e.g., Willmer and 
Stone 1997a; Wagner 1997, 2000). 

But letting in the pollinators is a different matter. 
Particularly aggressive ants patrolling on a plant are 
reported to deter some flower visitors (e.g., Tsuji et al. 
2004; Gaume et al. 2005; Ness 2006); figure 25.4 
shows an example for Ferocactus flowers tended by 
ants. The invasive Argentine ant Linepithema humile is 
a particular problem, and can reduce honeybee visita¬ 
tion by 75% on some Proteaceae (Lach 2008). Acacia 
flowers (plate 8A) have their pollen superficial and 
very easily accessible and are visited by a wide range 
of insects, but they have several ways of keeping ants 
away from the flowers. Willmer and Stone (1997a) 
showed that a novel system of chemical exclusion oc¬ 
curred, where ant-deterrent volatiles were emitted 
from flowers (the emission is now known to be specifi¬ 
cally from the pollen; Willmer, Nuttman et al. 2009). 
Thus ants that do trespass briefly onto young flowers 
show alarm behavior (plate 20G). The repellence is 
highly regulated in space and time, commencing as 
flowers become attractive to pollinators, and declining 
conveniently in proportion to visitation and pollen re¬ 
moval (fig. 25.5). Pollen-based repellence is particular¬ 
ly strong in the ant-guarded acacias and is specifically 
targeted at the resident ants. Moreover, in at least some 



Time of day 



Figure 25.5 (A) Visit duration of resident ants ( Crematogaster ) to 
young and old Acacia zanzibarica flowers, with only very short visits 
to young dehiscing inflorescences until late in the day when pollen is 
depleted. (B) Deterrence from young flowers can be transferred to 
old ones by wiping, so that an old flower wiped with a young one 
(O+Y) receives only very short visits thereafter. Both show means 
± SEs. (Redrawn from Willmer and Stone 1997a.) 


ant-guarded species the floral bouquet incorporates an 
ant alarm pheromone component, E,£'-a-famcsenc, 
which while deterrent to some ants is also known to be 
an attractant for some bees (Blight et al. 1997; Valtero- 
va et al. 2007). The volatile emissions provide tran¬ 
sient highly focused protection from ants for the sparse 
and valuable young inflorescences, but still allow the 
ants to return and protect older postpollination flowers 
as seed set commences (Willmer, Nuttman et al. 2009). 
The net result is that the presence of ants can improve 
fruit set (fig. 25.6), so that ant guards benefit reproduc¬ 
tion. The same strategy of pollen-based chemical de¬ 
terrence of ants is now known to occur in several other 
Kenyan acacia species (Willmer, Nuttman et al. 2009) 
and in Acacia constricta (Nicklen and Wagner 2006). 
However, some other ant-guarded acacias use an alter- 
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Mean no. of ants per 0.5 m branch 

Figure 25.6 The presence of ants can aid fruit set in Acacia zanzibarica, 
because older pollinated flowers receive protection as they set seed, 
and the potential deterrence of pollinators by aggressive ants is re¬ 
solved by the short-term volatile deterrent from dehiscing flowers as 
in figure 25.5. (Redrawn from Willmer and Stone 1997a.) 

native strategy of temporal and spatial patterning of 
their rewards to manipulate ant distributions and so 
keep them away from young flowers (Raine et al. 
2002; Gaume et al. 2005). 

Quite how widespread is ant repellence in flowers 
remains unclear, although chapter 24 reviewed avail¬ 
able evidence when considering ants as robbers. There 
are likely to be patterns linked with floral type, habitat, 
and phenology, and figure 24.3 (Willmer, Nuttman 
et al. 2009) showed some apparent trade-off between 
morphological exclusion features on and around flow¬ 
ers and the strength of volatile repellence emanating 
from those flowers. 

4. Overview 

How are the conflicts between pollination and her¬ 
bivory resolved? In essence, the problem for the flow¬ 
er is one of attracting the right visitors and deterring 
the wrong ones. Most flowers are producing multiple 
advertising signals, and since these may attract atten¬ 


tion from many animals the flowers are as a result 
likely to receive visitors with opposing—beneficial 
and deleterious—effects. Conflicting selection result¬ 
ing from the two main kinds of visitor—pollinators 
and herbivores—is quite common and increasingly 
recognized (see Strauss and Whittall 2006); zoophilous 
flowers are almost by definition meant to be visible 
and attractive and may draw the notice of many non¬ 
pollinators to an otherwise inconspicuous or dull foli¬ 
age plant. Table 25.1 shows a range of examples of 
potentially conflicting selective pressures (although 
there are also occasional complementary examples). 
Other specific cases have been considered by Euler 
and Baldwin (1996), Armbruster (1997), and—on a 
plant lifetime basis—Ehrlen (2002). 

What can a plant do about this conflict? It may be 
possible to adjust the temporal signaling from flowers 
to favor pollinators without unduly attracting flori- 
vores or herbivores; an example from chapter 6 is the 
thistle Cirsium arvense which produces maximum fra¬ 
grance at the times of maximum pollinator activity and 
low fragrance when folivores are active (Theis et al. 
2007), and more examples of this kind must surely 
await discovery. Or flowers can use defenses and de¬ 
terrents to manage their visitors in the ways that we 
have seen. Defenses specifically against florivores are 
rather similar to those against cheats (see chapter 24); 
large tough sepals, trichomes on sepals or bracts, and 
water moats formed by bracts can all be highly effec¬ 
tive against small caterpillars and other florivores. As a 
specific example, some Daleclmmpia species have 
movable bracts that can close around the flowers at 
night and prevent up to 90% of nocturnal florivory 
(Armbruster 1997; Armbruster et al. 1997). Other flo¬ 
ral movements are likely to have similar effects, and a 
whole range of diurnal or postvisitation changes in 
flower shape, orientation, scent, and color may well be 
interpretable in this light in future, aimed at making a 
pollinated flower inconspicuous to enemies as soon as 
possible after it has served its reproductive purpose. 




Table 25.1 

Examples of Selection by Pollinators and Herbivores on the Same Flower Traits 


Trait 

Pollinator preference 

Concomitant herbivory 
effects of preferred trait 

Plant 

Reference 

No. of flowers 

High no. per spike 
preferred by bats 

More damage by 
orthopterans 

Calyptrogyne 

ghiesbreghtiana 

Cunningham 1995 


High no. per plant 
preferred by bees 

More weevil damage 

Fragaria virginiana 

Ashman et al. 2004 

Flower size 

Larger flowers 

More weevil damage 

Fragaria virginiana 

Ashman et al. 2004 


Larger flowers 

More florivory 

Nemophila menziesii 

McCall 2006 

Flower shape 

Bees prefer open 
flared corollas 

More damage by ants 

Polemonium viscosum 

Galen and Cuba 2001 

Galen and Butchart 2003 


Bees prefer longer 
petals 

Ungulates indirectly select 
against long petals 

Erysimum mediohispanicum 

Gomez 2003 


Hummingbirds prefer 
long corollas 

More robbery 
by bumblebees 

Campsidium valdivianum 

Urcelay et al. 2006 

Flower color 

Pale or white preferred 

over mauve 

Pale or white 
damaged more 

Raphanus raphinastrum 

Strauss et al. 2004 

Plant height 

Taller spikes 

More damage by ungulates 

Erysimum mediohispanicum 

Gomez 2003 

Calyx shape 

Shorter 

Attract more seed predators 

Castilleja linariaefolia 

Cariveau et al. 2004 

Nectar volume 

Hawkmoths prefer 
high volumes 

Hawkmoth larvae do 
more leaf damage 

Datura stramonium 

Adler and Bronstein 2004 
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POLLINATION USING FLORIVORES: FROM BROOD 
SITE MUTUALISM TO ACTIVE POLLINATION 


Outline 

1. Unspecialized Examples: Nursery Pollination 

2. Pollen Parasites: Thrips 

3. Active Pollination 

4. Overview 


In chapter 23 various one-sided brood site mimicries 
were described where the plant benefits from cheating 
its visitor, whose progeny usually die because their 
mother has been deceived into laying on a floral tissue 
that was mimicking the normal egg-laying site. This 
chapter deals instead with brood site mutualisms, 
where there may be no mimicry involved and where 
the pollinators also benefit: their eggs hatch and the 
progeny survive by feeding on plant tissues, so they 
are sometimes termed nursery pollinators. Here polli¬ 
nation success affects not only plant fitness but also 
pollinator fitness, and the balance between costs and 
benefits may be highly variable from place to place 
and across seasons. 

There are at least 13 known nursery pollination sys¬ 
tems (Dufay and Anstett 2003), and Sakai (2002) di¬ 
vided this phenomenon into three categories. Two of 
these are relatively unspecialized, where beetle or 
lepidopteran larvae develop in decomposing flower 
heads, or where thrips feed in flowers as pollen para¬ 
sites; these are dealt with in sections 1, Unspecialized 
Examples: Nursery Pollination, and 2, Pollen Para¬ 
sites: Thrips. But the third category includes highly 
specialist cases (“ovule parasites”), where a flower 


visitor laying eggs on a flower does not merely bring 
about pollination by accident while pursuing its own 
search for rewards; instead, the female flower visitor 
pollinates the flowers in a very specific and deliberate 
fashion as part of her behavioral repertoire while laying 
her eggs upon them, and the progeny then survive by 
eating some of the maturing seeds. This is termed “ac¬ 
tive pollination, also known as the “seed-eating polli¬ 
nation syndrome.” Three of these specific cases, where 
active pollen transfer occurs and a clear mutualism re¬ 
sults, are covered in later sections of the chapter. 

1. Unspecialized Examples: 

Nursery Pollination 

In some of the less specialist cases of brood site mutu¬ 
alism, the pollinators—having effected normal passive 
or accidental pollination by visiting the flowers as 
adults—also lay eggs there, so that their progeny sub¬ 
sequently eat some part of the plants their mothers 
helped to fertilize. It seems likely that in most of these 
cases of nursery pollination the habits of breeding in 
the plants, and eating some plant tissue, were devel¬ 
oped after the flower visitor was already acting as a 
pollinator. For the plant, the benefits and costs depend 
on the balance of pollination and seed consumption; 
for the larval animal, there must be a balancing of the 
food acquired against the costs incurred from encoun¬ 
tering plant defenses. 

A simple version of this can be seen in Greya moths 
(Thompson and Pellmyr 1992; Thompson and Fernan¬ 
dez 2006) visiting their host plant Lithophragma (Sax- 
ifragaceae), where the moths pollinate the flowers but 
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then lay eggs so that their larvae become florivorous 
parasites. In different habitats, and depending on the 
availability of other pollinators, the moths can be mu- 
tualists, commensalists, or antagonists. 

Another well-known example involves nocturnal 
moths in the genera Hcidena and Perizoma laying eggs 
in the flowers of Silene and other Caryophyllaceae 
(Pettersson 1991; Kephart et al. 2006), the larvae then 
acting as seed predators. The interaction can be entire¬ 
ly antagonistic but sometimes verges on a mutualism, 
since the hadenine moths drink nectar and are very ef¬ 
fective pollinators but show rather limited seed con¬ 
sumption (Westerbergh 2004). Hcidena bicruris showed 
specific responses to the volatiles of its most important 
host Silene latifolia (Dotterl et al. 2006), especially at 
night, and could avoid laying eggs in fungus-infected 
plants (where fruit development does not occur; Biere 
and Honders 2006) even though it still visited the in¬ 
fected plants for nectar. 

In each of these cases, other pollinators also visit 
the same flowers and can affect the overall outcome. 
For example, in Silene ciliata the specific nocturnal 
moth pollinator is Hadena consparcatoides but the 
flowers are at least as effectively pollinated diurnally 
by other visitors, probably shifting the nursery pollina¬ 
tion interactions more toward a parasitic effect (Gime- 
nez-Benavides et al. 2007). The widespread Silene- 
Hadena interaction is therefore a useful model for 
exploring how such systems evolve between parasitic 
and mutualistic status (Kephart et al. 2006). 

Other examples are linked to the floral trapping 
mechanisms discussed in chapter 23, where some 
aroids such as Alocasia, while trapping and then re¬ 
leasing their adult pollinators in the conventional man¬ 
ner of their relatives, do not then condemn the hatch¬ 
ing larvae to starvation; instead, the larval flies feed on 
floral secretions and complete their development 
through to pupation in a chamber within the spathe. 

In yet other cases the pollinators’ larvae are “al¬ 
lowed” to feed on male flowers, for example in jack- 
fruit ( Artocarpus , Moraceae), where pollinating gall- 
midge flies breed in the male inflorescences (although 
this case is unusual in that a fungal mycelium on the 
flowers is the main feeding attractant for the flies; 
Sakai et al. 2000). Many palms, including the com¬ 
mercial oil palm Elaeis gunieensis, use a related sys¬ 
tem; the pollinators are mainly beetles and lay eggs on 
the male flowers which drop off the plant a few days 
later. However, in the palm Chamaerops, whose male 


flowers are used successfully as a nursery by its polli¬ 
nating weevil (Dufay and Anstett 2004), the female 
flowers as they develop into fruit cause the larval wee¬ 
vils to die, so the plants “turn the tables” and cheat 
the pollinator. The weevils seem unable to distinguish 
between male and female flowers when ovipositing, 
so the balance of benefits is somewhat uncertain and 
may vary with time and site. All these florivorous 
pollination systems of course require flowers (or inflo¬ 
rescences) to be unisexual and produced in large 
numbers. 

A related but slightly more complex arrangement 
occurs in some bisexual tropical dipterocarp trees, es¬ 
pecially species of Shorea in Malaysia, which tend to 
mass-flower. The flowers are pollinated by thrips, 
which invade the young buds, feeding there and pass¬ 
ing through several generations over 2—4 weeks. Be¬ 
cause the flowering is so intense, enough remaining 
undamaged buds eventually mature, and a cohort of 
them open at dusk as full flowers; some of the thrips 
then enter these fresh flowers to feed on petals and pol¬ 
len. During the following day these flowers absciss 
and fall off to the forest floor, with some lateral drift as 
the corollas act like miniature propellers. When fur¬ 
ther buds open that evening, the thrips fly up to the 
canopy and invade the new flowers, taking pollen with 
them which will (at least reasonably often) be from a 
different tree and so effect outcrossing (Appanah and 
Chan 1981). 

Yet another version of florivory coupled with pol¬ 
lination occurs in Trollius globeflowers, which never 
open fully but are invaded by small anthomyid flies in 
the genus Chiastochaeta, often known as globeflower 
flies. Both male and female flies enter the flowers, 
mating and feeding there on pollen and nectar (Pellmyr 
1989, 1992b). The females lay their eggs, with three or 
four fly species each laying in a different site and in a 
fixed temporal pattern, largely avoiding competition 
with each other when the larvae then feed on the seeds. 
Movements relating to either feeding or ovipositing 
can result in effective pollination. The number of fly 
eggs left in a flower corresponds closely with the bal¬ 
ance of costs and benefits, so presumably the mutual¬ 
ism shows an overall balance in the long term; in fact, 
Despres et al. (2007) calculated a stable favorable 
benefit-to-cost ratio of around 3, across 38 different 
populations. 

Use of postpollination food resources is also pos¬ 
sible; for example in cocoa ( Theobroma cacao), which 
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is pollinated by biting midges (see chapter 28), subse¬ 
quent breeding of the pollinator occurs in some of the 
decaying seed pods (Dessart 1961; Young 1985). 

All these arrangements occur in medium to large 
perennial plants and ensure for the plant a population 
of pollinators kept in close proximity for the next batch 
of flowers. They also seem to involve only very small 
insects, suggesting that the plant, while trading off 
some of its own tissues for pollination services, is min¬ 
imizing the overall costs of doing so. 

However, there is one highly unusual case of a 
plant offering a brood site to a larger animal which is 
also its pollinator. In the Indian tree Humboldtia 
brunonis (Fabaceae), domatia exist on the trunks and 
branches that are occupied by various invertebrates, 
including aggressive ants that provide a protection ser¬ 
vice as in other myrmecophytes (chapter 25). But 
some of the domatia are inhabited by adults and brood 
of the pollinating bee Braunscipis puangensis, which 
visit the host tree’s flowers by day and are the best car¬ 
riers of its pollen; this seems to be the first known case 
of a pollinator being housed in any plant structure oth¬ 
er than flowers, and with no cost to reproductive struc¬ 
tures (Shenoy and Borges 2008). 

Dufay and Anstett (2003) reviewed the conflicts 
between plants and pollinators in these nursery sys¬ 
tems, highlighting three key questions: why do the 
plants not kill off the intruding larvae, why do the pol¬ 
linators continue to visit the deceptive flowers, and 
why do they pollinate them? The examples above 
show that the plant’s reproductive system is crucial to 
resolving these issues, and that evolutionary stability 
often depends on avoiding interspecific competition 
between pollinator larvae. 

2. Pollen Parasites: Thrips 

Sakai (2002) identified thrips within flowers as a sepa¬ 
rate category of brood site mutualists, feeding on the 
fresh pollen grains still contained within the flower 
that produced them. Thrips can grow from egg to ma¬ 
turity inside a flower within 2 weeks, so they repro¬ 
duce explosively on flowers to the point where they 
can be present in extremely large numbers, but they 
are so small that they cannot carry much pollen around 
and rarely move over long distances. However, they do 
effect pollination of quite a range of plants, especially 
in tropical forests, as outlined in chapter 9, though at 


the same time destroying much of the pollen from their 
hosts. 


3. Active Pollination 

Figs and Fig Wasps 

Figs (Ficus species, family Moraceae) are relatively 
common and take many woody forms, including de¬ 
ciduous and evergreen trees, bushes, vines, and epi¬ 
phytes. At least 800 species are distributed throughout 
the tropics and subtropics, and they have often been 
described as ecological “keystone” species. This is 
mainly because their fruits are a vital food resource for 
numerous birds and mammals (Bawa 1990; Mabber- 
ley 1991), especially bats, primates, and parrots, which 
often also act as seed dispersers. Figs are eaten by up 
to 70% of all vertebrates in some forest communities, 
and they comprise the greater part of the diet in more 
animal species than any other perennial tropical fruit. 
Flowering and fruiting are normally asynchronous 
within populations and between trees, but strongly 
synchronous within trees. Hence both fruits and flow¬ 
ers are conveniently available in most habitats through¬ 
out the year. 

Yet even where the density of flowering conspecif- 
ics is low, outcrossing levels in figs are high. This turns 
out to be because of the very tightly coupled fig-polli- 
nator relationship. Fig pollination is perhaps the most 
extraordinary and complex of all interactions between 
animals and plants and has attracted attention for de¬ 
cades. It is an obligate mutualism, the figs having no 
other pollinators and the fig wasps relying totally on 
the figs. At least 750 Ficus species are pollinated by fig 
wasps from the family Agaonidae (Hymenoptera, Par¬ 
asitica), each wasp tending to have its own fig (or oc¬ 
casionally two closely related fig species). These aga- 
onid wasps are tiny (1-2 mm) and relatively short-lived 
insects (just 2-7 days as adults) that are especially 
abundant in tropical rainforests. They are sexually di¬ 
morphic, females being winged and with very long 
ovipositors (plate 35B), males wingless and with re¬ 
duced legs, eyes, and antennae. Bronstein (1992), 
Cook and Rasplus (2003), and Cook, Bean et al. (2004) 
provided reviews. 

The pollination process takes place within what is 
usually described as the fruit of the fig; but in this in¬ 
stance the term “fruit” is a misnomer; technically it 
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Figure 26.1 (A) Basic structure of a typical Ficus (fig) syconium 
(the "fruit") containing male flowers near the top and female flowers 
basally, in transverse slice; also showing a female fig wasp from the 
genus Blastophoga. In practice the male and female flowers are not 
mature synchronously. (B) shows a female wasp egg-laying, her 
ovipositor only able to reach into the flowers with shorter styles, 
while her forelegs unload pollen from the pocket and transfer it onto 
the styles that she grips. (Modified from Galil and Eisikowitch 1968, 
1969.) 


should be reserved for the later structure that develops 
from the ovary walls to enclose and protect the matur¬ 
ing seeds. The structure that is termed a fig is techni¬ 
cally a syconium (fig. 26.1), a hollow receptacle that 
bears numerous tiny flowers on its inner surface— 
really a modified inside-out inflorescence. Flowers 
may be unisexual or neuter, and each flower is reduced 


to the simplest possible form, just a single ovary and 
style, or a tuft of anthers. The syconium has one nar¬ 
row entrance (the ostiole) at its distal end, which is 
partially closed off by flexible scalelike structures; this 
is the only access point to the flowers within. 

The relationship between the edible fig common all 
around the Mediterranean (Ficus caricd) and its main 
pollinator Blcistopliega psenes will serve as an exam¬ 
ple of the fig-fig wasp relation, although it is some¬ 
what atypical due its marked seasonality. The fig 
“fruits” in wild F. carica are of three types (fig. 26.2). 
The type-1 receptacles appear in late winter and early 
spring and have many neuter flowers (sterile females) 
plus a few male flowers close to the entrance. A female 
wasp enters the fig via the ostiole, which is such a tight 
fit that the wasp usually loses her wings and some¬ 
times parts of her antennae. She lays her eggs in the 
neuter flowers (one per flower) and then dies, only oc¬ 
casionally escaping to lay in another fig (Gibernau et 
al. 1996; Zavodna et al. 2007). The neuter flowers sub¬ 
sequently swell up and become morphologically mod¬ 
ified, essentially a form of galling induced by a secre¬ 
tion onto the sterile ovaries from the mother’s 
ovipositor. The offspring complete their development 
in these swollen ovary galls, male wasps hatching first 
and seeking out ovaries containing female wasps. They 
bore into those ovaries and fertilize the females, then 
die shortly afterward; thus the life cycle of the male fig 
wasp takes place entirely within the fig (this is linked 
to his lack of wings and small eyes). The fertilized fe¬ 
males subsequently hatch and leave via the ostiole, 
passing the freshly opened male fig flowers near the 
entrance on the way and gathering pollen into small 
pouches on their thoraxes as they leave. 

In summer the fig tree produces type-2 receptacles, 
ready to receive the pollen-bearing female wasps that 
emerged from the winter receptacles. These summer 
figs contain either a mixture of neuter and female flow¬ 
ers or are female only. The flower types are morpho¬ 
logically different: neuters have short styles and the 
ovary is accessible via a canal, whereas females have a 
longer, solid style lacking any opening. The arriving 
female wasps attempt to lay eggs in both types; this is 
successful in neuters (just as in the winter receptacles) 
and the same cycle as above results, with new females 
eventually emerging. But the ovipositor cannot pene¬ 
trate the full length of the solid styles of female flow¬ 
ers, so any eggs that the female lays there must fail to 
develop; thus if a female wasp has entered a female- 








Pollination Using Florivores • 569 


Figure 26.2 The annual life cycles of Ficus carica and Blas- 
tophaga psenes, with three different types of fig in differ¬ 
ent parts of the season. See text for more details. 


Winter/Spring - type 1 

++ neuter flowers, + male flowers 



June - type 2 

+ neuter and + female flowers 
(or +++ female flowers) 


only syconium she will have no progeny, and the figs 
presumably must offer no external clues to their sexu¬ 
ality. Note also that in mixed neuter-female syconia in 
practice it is the style-length variation that effectively 
limits the number of ovaries supporting larval wasps 
(in theory this might select for wasps with ever-longer 
ovipositors, but runaway selection may be braked by 
the figs’ ability to abort syconia too heavily laden with 
developing wasps). Immediately after each egg-laying 
attempt, the fig wasp pollinates the flower she has just 
laid in, and this is the most extraordinary part of the 
whole story, because she specifically extracts a little 
pollen from her pollen pouches with her forelegs and 
places this pollen neatly onto the stigmatic surface— 
active pollination. 

In autumn, small type-3 receptacles containing neu¬ 
ter flowers only are produced, and are found and en¬ 
tered by the female wasps that emerged from the sum¬ 
mer figs. Newly developing females are then ready to 
emerge in time for the winter-spring type-1 figs and 
repeat the cycle. In effect, these autumn-winter figs are 
specially modified flowers whose only real “purpose” 
is to provide a protected winter breeding place for the 
pollinator. 

Ficus is largely a tropical genus, and in most spe¬ 
cies flowering and fruiting patterns are relatively asea- 
sonal, so that the whole cycle is usually much less 
rigid than for the Mediterranean fig just described. 
Thus the interaction carries on at all stages throughout 
the year, with different plants having internally syn¬ 
chronized flowering and fruiting, but the population as 


a whole showing occasional and irregular flowering, 
which ensures outcrossing. The “normal” pattern for a 
tropical dioecious fig species is for receptacles con¬ 
taining female-only flowers to occur on one individual 
and receptacles containing neuters and male flowers to 
occur on another. Fertilized female wasps emerge from 
the latter and find either type of tree; those with female 
flowers are pollinated and set seed but do not become 
a brood site (given the barrier to egg laying), while 
eggs that are laid in figs on the neuter-male trees result 
in offspring that gather pollen from the male flowers as 
they leave. Monoecious tropical fig species are even 
simpler, having all three flower types in single recep¬ 
tacles, where the wasps can pollinate the female flow¬ 
ers and lay eggs in the neuter flowers, with pollen sub¬ 
sequently collected from the male flowers. 

The traits of the partners in general, and wasp be¬ 
haviors in particular, are remarkably varied across the 
fig wasps. Females of at least some species do not just 
pick up pollen by accident in leaving a fig, but actively 
collect the pollen and place it in their thoracic pouch¬ 
es, which can carry 2-3000 pollen grains (Galil and 
Eisikowitch 1969; Kjellberg et al. 2001). Females of 
some species have both thoracic pollen pouches and 
coxal corbiculae and use special leg combs and hooks 
to manipulate the pollen (Ramirez 1969). In some di¬ 
oecious figs such as F. Fistulosa, the female wasps 
successfully lay eggs and place pollen in both female 
and neuter syconia, and “pollination” of the neuter 
flowers appears to have a benefit in inducing growth of 
the ovule endosperm and so increasing the food supply 
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for the larva (Galil 1973). Males too have complex be¬ 
haviors. Sometimes (in their brief captive life before 
dying) they assist females by snipping the anthers 
from male flowers, and these snipped pollen loads are 
then collected by the emerging females (Galil and 
Eisikowitch 1968, 1974). In a few species the males 
not only snip off the anther tips ready for the females 
to carry, but also collaborate in making a new exit hole 
in the syconium, from which the pollen-laden females 
depart. The timing of this exit opening may be crucial, 
as in some fig species male activity may be partly con¬ 
trolled by the carbon dioxide levels within the recep¬ 
tacle (Galil et al. 1973); as the flowers mature, accu¬ 
mulating high levels of C0 2 will increase the male 
emergence rate and mating rate, but once the males 
have opened an exit hole the CO, level drops and this 
stimulates female emergence and pollen gathering. 
Such complex behaviors seem surprising, since as a 
rule these kinds of tiny hymenopteran wasps neither 
eat pollen nor provision their larvae. But since many 
figs are entered by only a single ovipositing female, 
the emergent males are highly likely to be related to 
the females they are assisting; for example, estimates 
using microsatellites indicated that about 40% of all 
broods involved only a single foundress in Ficus mon- 
tana, with (rarely) up to six foundresses having been 
active (Zavodna et al. 2007), confirming that high lev¬ 
els of inbreeding must occur. 

All of this may seem complicated enough, but fig 
and fig-wasp biology is a fertile area of research, and 
ever-increasing complexity was revealed once molec¬ 
ular techniques became available to aid species identi¬ 
fication. It was already clear that with around 800+ 
Ficus species known, yet only 300 or so obligate aga- 
onid wasps formally described, the specificity with 
supposed 1:1 matching was suspect, but the wasp spe¬ 
cies are extremely abundant and very difficult to iden¬ 
tify to species level, as indeed are figs. We know now 
that the apparently specific relationships of figs and 
agaonid species hide much complexity. Molbo et al. 
(2003) and Cook and Rasplus (2003) showed the 
widespread occurrence of wasps other than the one 
known pollinator species per fig, with these additional 
“cryptic” wasps occurring in at least 50% of studied 
figs, some of them probably assisting in pollination. 
But many of these extra wasps turn out to be parasitic, 
and nonpollinating. Some are agaonids, ovipositing 
through the syconium wall and “cheating the system”; 
others are from unrelated genera in different families 


of Parasitica (especially Torymidae), and these lay 
their eggs in galled flowers within the syconia, their 
larvae killing those of the true fig wasp. 

In specific coevolved relationships, if there has 
been tight cospeciation of the participants there should 
be identical or at least closely matching phylogenetic 
patterns; such patterns were reported in the past for 
figs and fig wasps (e.g., Herre et al. 1996), but more 
recent results indicate otherwise (e.g., Erasmus et al. 
2007), with rather frequent host jumps, presumably 
reflecting the complexity of the fig-wasp communities 
now revealed to be operating within these plants. There 
have been two separate lines of evolution of oviposi- 
tion habits, and two separate origins of the cheating 
fig-wasp habit (Althoff et al. 2006). 

Despite this, it remains the case that most figs do 
have only one effective pollinating fig wasp, especially 
in the Neotropics (although perhaps less often in Af¬ 
rica, where 2-3 species may be present and effective; 
Ware and Compton 1992; Michaloud et al. 1996). One 
major problem for tropical fig wasps should therefore 
be the location of host trees. Bearing in mind the great 
diversity of fig species in Neotropical forests and the 
likely distances between conspecifics, exacerbated by 
their irregular flowering pattern, how do fig wasps dis¬ 
perse and find the correct host plant at a suitable stage 
of flowering? It was always assumed that olfactory 
cues were critical (Janzen 1979; Addicott et al. 1990), 
and analyses of odors collected from various figs 
(Grison-Pige et al. 2002) confirmed that individual fig 
species did indeed have different blends of compounds. 
Behavioral assays on their putative pollinating fig 
wasps also revealed different behavioral responses by 
obligate wasps when presented with either control 
scents or their “own” fig scent. In at least one case 
(Ficus semicordata), a single volatile, 4-methylani- 
sole, is the key compound ensuring attraction of the 
one obligate pollinator Ceratosolen graveli (Chen 
et al. 2009). 

Work in Borneo suggested that various fig wasps 
would travel up to 30 km (wind-assisted, flying above 
the canopy) in search of the correct syconia (Harrison 
2003). This kind of directed dispersal is crucial in ar¬ 
eas where forest fragmentation is occurring; since fig 
fruits are such a vital resource to other components of 
the tropical communities, if the obligate associations 
of fig to fig wasp were to break down then a cascade 
of extinctions could follow (see chapter 29). McKey 
(1989) estimated that a minimum of 300 fig trees would 
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be needed in a given community to ensure survival of 
the fig-wasp community, and that in turn would require 
at least 800 acres of typical forest. 

Yuccas and Yucca Moths 

This is an equally famous obligate mutualism, re¬ 
viewed by Powell (1992), Pellmyr et al. (1996), and 
Pellmyr (2003), which again centers around the larvae 
of pollinators feeding on the internal parts of plants; 
here it involves a moth rather than a wasp, but the fe¬ 
male behavior again involves active pollination that 
ensures outcrossing in yuccas. 

There are about 40-50 species of Yucca (Agavace- 
ae) (including the well-known and widely used plants 
sisal hemp and mezcal), found in North and Central 
America and the Caribbean, with the most diverse and 
abundant flora being found in the southwest United 
States in semidesert habitats. Yuccas are highly vari¬ 
able in size, some having a large treelike form, but 
generally with narrow and pointed leaves that are often 
semisucculent. Most species produce long erect flower 
spikes, the flowers (plate 35A) usually being creamy- 
white, large, and bell shaped (though sometimes partly 
closed by the converging tips of the petals), and with a 
strong scent especially at night. They are protogynous, 
with six swollen stamens and a central column of three 
fused styles, overlying a tripartite ovary often with 
200-300 ovules. 

Yucca moths (in the small family Prodoxidae) are 
divided into the two genera, Tegeticula and Parateget- 
icula. The family as a whole contains at least 78 spe¬ 
cies and is among the oldest of moth groupings, also 
being among the first that began to develop the noctur¬ 
nal habit. In fact, yucca moths are fully nocturnal, rest¬ 
ing cryptically in yucca flowers by day, while most 
other prodoxids are diurnal. Importantly, most mem¬ 
bers of the family are monophagous or narrowly oligo- 
phagous (i.e., they have extremely specialized food 
requirements), the larvae eating particular parts of one 
or of just a few closely related plants. 

Figure 26.3 shows a Yucca flower and the basic cy¬ 
cle for the moth Tegeticula yuccasella on Y. filamen- 
tosa, revealing a very stereotyped behavioral sequence. 
Arriving at a flower, a female moth ascends one of the 
large individual stamens and, holding position with 
her proboscis, gathers and compacts pollen using her 
maxillary palps, which incorporate bristly coiled “ten¬ 


tacles” (fig. 26.4; these apparently have no homolo¬ 
gous counterparts in any other insect). The pollen of 
yuccas is particularly sticky and adheres to the under¬ 
side of the moth’s head. She may repeat her behavior 
at 2-3 further stamens (accumulating a pollen load be¬ 
tween the palps and the trochanters of her forelegs that 
can equate to 10% of her body weight), before flying 
off to find further yucca plants. These must be in the 
female stage, a little earlier in their protogynous cycle, 
so ensuring crossing. She then inspects the ovaries 
carefully and can apparently tell if they are of a suit¬ 
able age or if they already contain moth eggs; choice 
may be made on the basis of past visitation history due 
to host-marking pheromonal “footprints” (see chapter 
7). Having selected a new flower, the female climbs 
the central style, reverses down toward the base, and 
cuts into the ovaries with her ovipositor to lay an egg. 
Then she climbs back up the styles and actively places 
part of her pollen load onto the stigmatic surface, usu¬ 
ally repeating this process twice more so that she has 
laid one egg adjacent to each of the sections of the 
tripartite ovary. This pollen placement is critical for 
both plant and moth; unpollinated flowers are aborted 
(Huth and Pellmyr 2000), while pollinated flowers as¬ 
sure reproduction for the plant but also undergo abnor¬ 
mal growth of at least one ovule near to a moth egg, 
again giving a gall-like effect. This benefits the devel¬ 
oping larvae, which feed on the abnormal ovules but 
leave alone most of the other growing seeds. At matu¬ 
rity the larvae burrow out of the fruit and pupate in the 
surrounding soil, where diapause may take place. This 
is important because yuccas do not always flower ev¬ 
ery year; intraspecific variation in the period of moth 
diapause ensures survival of at least some moths from 
each generation, so that the adults meet up with a new 
flowering yucca. 

There are only slight differences in this process for 
other Tegeticula species (Pellmyr 2003), perhaps most 
notably for T. maculata which is a daytime pollinator 
of the southern Californian yucca Y. whipplei. But the 
genus Parategeticula differs more substantially, even 
though the active pollination process remains un¬ 
changed. Unlike the saw-like ovipositor of Tegeticula, 
female Parategeticula have blunt ovipositors and can¬ 
not lay eggs directly into the ovaries of yucca flowers. 
Instead a groove is made either in the stalk or in one of 
the thick petals, and eggs are laid in this shallow struc¬ 
ture. The larvae emerge and burrow into the nearby 
fruit, creating a gall which replaces several seeds. No 
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Figure 26.3 (A) Typical cycle for yucca moth. (B) Structure of a Yucca flower. (Redrawn from Proctor et al. 1996 and 
from photographs.) 


further seeds are eaten during development (although 
some may be eaten prior to pupation), the gall tissue 
becoming the sole food source during development. 

Curiously, some yucca flowers do produce nectar 
(in fairly small quantities) but visiting yucca moths do 
not feed on this resource, having a poorly developed 
sucking proboscis, and an incomplete gut. Other or¬ 
ganisms will visit the yucca flowers; honeybees, bum¬ 
blebees, flies, and beetles have all been recorded as 
visitors, and the bees may effect some pollination 
(Powell 1992). However, in the absence of yucca 
moths, fruit set does not occur, except in one species 
( Y. aliofola) that may be an escaped cultivar and which 
has also been observed to propagate vegetatively. The 


presence of nectar has been interpreted as evidence 
that the yucca moth-yucca relationship is evolution- 
arily relatively recent, 

As with the fig wasps, there have been recent devel¬ 
opments that have added complexity to the story. 
Again, molecular analyses have somewhat undermined 
earlier taxonomic assumptions about precise one-to- 
one relationships of plant and pollinator; for example, 
the Tegeticula yuccasella complex is now known to 
include at least 11 moth species (four of them nonpol¬ 
linating) where previously only one was recognized, 
and it is reasonable to assume that further species 
await full description. Yucca moths have been found 
on 17 host yucca species, and to date seven of the moth 
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Figure 26.4 Yucca moth on a flower, and a view of the pollen-gather¬ 
ing tentacles. (Redrawn from Proctor et al. 1996.) 


species have been found only in association with one 
yucca species, although other moth species have up to 
six hosts. Furthermore, and again paralleling the fig- 
wasp system, some nonpollinating parasitic species of 
prodoxid moths have been discovered (Pellmyr et al. 
1996; Peng et al. 2005), in the “bogus yucca moth” 
genus Prodoxus. These have no pollen-gathering ten¬ 
tacles but breed in the ovaries of yucca flowers that are 
being pollinated and therefore maintained by the true 
yucca moths. 

There is an additional complexity for yuccas com¬ 
pared with figs, in that the plants are from highly sea¬ 
sonal habitats, and synchrony of flowering and insect 
emergence, together with the abundance of both in any 
one year, become critical. This may have encouraged 
forms of cheating by moths. If an individual moth 
emerges rather late in its host yucca’s flowering period 
and encounters already well-pollinated flowers, it 
should lay its own eggs not in the young fresh flowers 
(which are the most likely to be aborted in favor of the 
older flowers already invested in by the plant) but into 
already fertilized and developing ovaries. Late moths 
should therefore be selected as cheats (Addicott et al. 
1990), and even the “good” pollinators often do cheat 
facultatively, depending on season and on moth abun¬ 
dance. In fact it is increasingly clear that there are mul¬ 
tiple modes of interaction between yuccas and yucca 
moths (Addicott and Bao 1999). 

There must be a trade-off of pollination gained 


against seeds lost in yuccas, and some resulting bal¬ 
ance of seed production and moth production. Addi¬ 
cott (1986) reported 150-350 ovules per flower in the 
eight species he studied, which produced between 90 
and 200 seeds and normally supported up to ten larvae 
(but often none at all, and occasionally much higher 
numbers). The mean ratio of viable seeds to ovules 
varied between 0.36 and 0.60 in different species, al¬ 
though highly variable between populations. One de¬ 
veloping moth larva could eat up to 25 ovules and 
could damage others sufficiently to prevent seed matu¬ 
rity, but overall reductions in seed production were 
estimated at only l%-20%. The balance is complicat¬ 
ed by high levels of egg mortality and high levels of 
fruit abortion (Richter and Weis 1995; see also Pellmyr 
and Huth 1995) but final fruit set is low in most years, 
in most habitats, for most yucca species, and it may be 
that pollinators are usually limiting. 

Presumably, though, moths that produce just enough 
eggs to maintain their populations while dependably 
pollinating the yucca flower, are selectively favored 
over moths that overexploit the flowers with eggs so 
that the flower aborts, or are miserly with their pollen 
deposition so that seeds fail to develop; thus the sym¬ 
biosis can be stably maintained through evolutionary 
time, and fitness gains are balanced. 


Other Specialized Examples 

In recent years a few more examples of specialized ac¬ 
tive pollination have been documented. Glochidium 
trees are visited and actively pollinated by Epicephala 
moths (Kato et al. 2003) and up to 500 species in sev¬ 
eral closely related genera in the Phyllantheae also re¬ 
ceive species-specific nocturnal visits from the same 
moth genus (Kawakita and Kato 2004, 2009), some 
flowers having all their ovules consumed and others 
left intact. This relationship evolved at least five times, 
although active pollination in the moths probably 
evolved only once (Kawakita and Kato 2009). 

In the Sonoran Desert, the senita cacti (Lophocere- 
us ) are visited by senita moths {Upiga) which collect 
pollen on special abdominal scales and actively polli¬ 
nate and then oviposit on petals (Fleming and Holland 
1998; Holland and Fleming 1999, 2002), thereby pro¬ 
ducing good fruit set. Unusually, in this case some bees 
also visit, although they do not improve fruit set (and 
are excluded from around dawn by flower closure). 
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4. Overview 

Whereas the relatively unspecialized brood-site-asso- 
ciated visitors covered in the first part of this chapter 
were assumed to have begun as pollinators and then 
started to lay eggs in their flowers, the more spectacu¬ 
lar wasp and moth floral associations in later sections 
are much more likely to have evolved from larval feed¬ 
ing syndromes, where the adults gradually turned from 
incidental pollinators into successful specialist polli¬ 
nators (Pellmyr and Thompson 1992). 

The fig and yucca systems represent the best-under- 
stood and tightest so-called obligate plant-pollinator 
associations known, both of them adding active polli¬ 
nation by deliberately targeted pollen placement to a 
suite of other highly specialist coevolved features. The 


pollinators ensure the successful seed production of 
their host plant, and in return they get both food and 
shelter for their offspring. The trade-offs for each are 
probably highly variable in time and space, and the 
success of the mutualism is governed by many inter¬ 
connected variables, but must work out to mutual ben¬ 
efit overall. 

Mutual dependence is complete, but it is now clear 
that for both fig wasps and yucca moths the mutual¬ 
isms are not as one-to-one as was originally supposed. 
Even where the partners are mutually dependent in 
these specialist associations, there is an inevitable evo¬ 
lutionary conflict, and both parties will be under selec¬ 
tive pressure to exploit one another (Pellmyr 1997). 
Hence these examples of extremely specialized plant- 
pollinator relationships are fragile and remain rare. 


Chapter 27 

POLLINATION IN DIFFERENT HABITATS 
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1. Pollination in Deserts and Semiarid Systems 

2. Pollination in Mediterranean Ecosystems 

3. Pollination in the Humid Tropics 

4. Pollination at High Latitude and High Altitude 

5. Pollination in Islands 


Thus far pollination has been dealt with in a collective 
sense, but it will have been apparent that examples 
from different habitats have often given rather differ¬ 
ent impressions of the complexity and level of special¬ 
ization involved. This chapter therefore dissects the 
issues that are to the fore in current debates in different 
kinds of ecosystems and habitats, in search of some 
messages on community structures and how they af¬ 
fect plant-pollinator interactions. 

1. Pollination in Deserts 
and Semiarid Systems 

Deserts occur in many low-latitude areas just to the 
north and south of the equator, between 15° and 40° 
latitude (fig. 27.1). Most are both hot and dry by day 
but can be very cold at night as heat is lost through the 
clear skies; and consistently cold deserts also occur, 
especially in the center of larger continents and in the 
rain shadow behind large mountain ranges. Deserts are 
often visualized as exceptionally hot sunny landscapes 
with sweeping sand dunes, but in fact a surprising va¬ 
riety of biotopes are included within this general cate¬ 
gory. Their most important shared characteristic is 
aridity; the three subdivisions of semiarid, arid, and 


hyperarid deserts cover one-third of the Earth’s land 
surface, about half of this being true desert as tradi¬ 
tionally perceived by the layman. 

Less extreme are the semiarid zones such as cool 
grasslands and hot savannas (see fig. 27.1), also dry 
for much of the year but highly seasonal, usually with 
one or two rainy seasons annually. 

Habitat Characteristics 

Deserts may be defined by their drought status, but 
their aridity can arise for three distinct reasons, vary¬ 
ing in importance for different desert areas. In parts of 
North and South America desertification arises from a 
rain-shadow effect, on the leeward side of high moun¬ 
tain ranges (sierras) where the rising air has precipitat¬ 
ed all its water. Deserts in the center of large continents 
are arid principally due to their sheer distance from the 
sea; the Gobi and Turkestan Deserts are examples. 
However, the largest and hottest deserts on Earth arise 
from the third factor, occurring in latitudes 25°-35° N 
or S where there are dry, stable air masses of high pres¬ 
sure, resistant to invasion by storm systems from north 
or south. The Saharan and Arabian Deserts, and the 
Australian Desert, are of this type; these hyperarid des¬ 
erts, where high-pressure weather dominates, normally 
receive less than 25 mm of rainfall per year (and within 
them there are often areas that effectively receive no 
rain at all). Even when rain does fall it may be as vio¬ 
lent convective showers, causing flash-flooding in dry 
river beds (wadis) and very fierce runoff, with little of 
the rain becoming available to plants or animals in the 
area; that which does remain local may be subject to 
very rapid evaporation due to high temperatures. These 
deserts usually also have high wind speeds, leading to 
even more fierce evaporation. Because of cloudless 
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Figure 27.1 An overview of the occurrence of different habitats worldwide. (Modified from Willmer et al. 2005.) 


skies they can also become very cold at night as heat 
radiates away from the soil. Their soils are hardly 
leached at all by any passage of water through them, 
so are often sandy or stony, leading to deep heat pen¬ 
etration and very poor water retention. 

Less extreme areas, the arid and semi-arid deserts, 
may have up to 600 mm of rain per year, more evenly 
and predictably distributed, and they are often much 
cooler than the hyperarid areas. Coastal deserts, such as 
the Namib, the Atacama, parts of southern Israel, and 
the Baja California coast, are characterized by cooling 
fogs, especially after dawn. Cooler inland deserts, such 
as the Gobi and large areas of Patagonia, also have fogs 
but experience prolonged periods of winter cold. 

Temperatures at and close to ground level in most 
deserts may be exceptionally high in the daytime, up 
to 70°C or more, and animals (even insects) cannot 
function in such conditions. However, within 30-50 
mm above the still boundary layer the air is markedly 
cooler, and in the vicinity of bushes or trees it may fall 


to around 40°C, so that both flowers and their potential 
pollinators are under much less thermal stress. 

Most deserts are aseasonal but they are also areas of 
unpredictable rain and therefore are likely to show un¬ 
predictable flowering. In some deserts a burst of green¬ 
ery with very rapid growth and flowering may follow a 
short rain at any time of year. However, most deserts 
are not uniform in terms of soil and substratum, and 
often show patches of unexpectedly high floral diver¬ 
sity, associated with particular gravel deposits or un¬ 
derlying geological features that affect drainage or 
mineral composition. 

Flora and Pollinating Fauna 

Desert vegetation inevitably has characteristic special¬ 
izations. There is usually a crust of just a few millime¬ 
ters of modified sand densely occupied by a commu¬ 
nity of microorganisms held together by mucilaginous 
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secretions. Small plants that do survive are mostly 
evaders in a temporal sense, almost invisible for most 
of their life as seeds or dried-out prickly husks, under¬ 
going sudden synchronous bursts of growth, flower¬ 
ing, and seed production after occasional rains. Such 
ephemeral plants are inactive when dried, and some 
can complete their life cycle in only 14 days when rain 
does occur. On a larger and more obvious scale, “nor¬ 
mal” plants occur only at transient water courses and 
oases. These include a variety of palms, a small range 
of annual flowers, and the few specialist perennial 
forms that can keep photosynthesizing even in drought. 
Cacti are the classic examples, with more than 2000 
species in the Americas. There are also small prickly 
trees such as creosote bush, mesquite, or desert wil¬ 
lows, and many eucalypts and wattles in Australian 
desert fringes; most of these have enormous roots, 
penetrating to depths of 50 m or more and vastly in 
excess of the aerial biomass, and some will lose all 
their leaves and even drop whole branches when they 
are particularly severely desiccated. 

Despite the extreme conditions, some deserts are 
surprisingly varied in terms of flora and fauna. The 
deserts of the southwestern United States have a par¬ 
ticularly rich flora and bee fauna: the Sonoran Desert 
houses at least 580 plant species, and there may be 
1500 bee species in arid Arizona. But even in these 
areas of higher diversity the flowering is often very 
localized and sparse. Earlier views that drought was 
the main stimulus to desert flowering have been doubt¬ 
ed (Fox 1990), and it seems more likely that while 
drought does hasten completion of the life cycle this is 
often at the expense of the plant dying before it flowers 
properly or sets any seed. 

With flowering unpredictable, and wind pollination 
usually rare, many plant species are likely to have to 
be generalists. It is common to find a range of low and 
fast-growing composites, which in the depths of a des¬ 
ert (in the hot air at ground level where insects are ex¬ 
cluded) are almost always selfing (Hagerup 1932). But 
the taller desert succulents and larger bushes and trees 
provide a local microclimate suited to more delicate 
plants as an understory. Here both insects and birds 
can function by day (although not often in the midday 
hours), and bats may be pollinators after dusk. 

Desert soils and barren surfaces provide poor habi¬ 
tats for most potential pollinators, but are reasonably 
accommodating to ground-nesting bees, which become 
especially important as flower visitors. Indeed, bees are 


perhaps the only group to break the rules by being 
more common and speciose in deserts than in more 
equable tropics, and in many American deserts it is the 
more specialist bees that are particularly speciose 
(Minckley et al. 2000), visiting plants such as creosote 
bush ( Larrea ) and mesquite ( Prosopis). However, a 
surprisingly high proportion of the cacti in these zones 
are bat pollinated, providing large nocturnal flowers 
and also sturdy plants that can offer roosting sites. 

Semiarid scrubs and savannas tend to be dominated 
by grasses, prickly shrubs, and some herbs, most of 
these flowering at or after the onset of rains, but inter¬ 
spersed with small and usually very thorny trees (aca¬ 
cias are typical through most of the southern conti¬ 
nents). In many zones there is an abundance of bulbous 
monocots, flowering in the late winter-spring period; 
some of these have temperature-dependent petal clo¬ 
sure systems that may protect the pollen from over¬ 
night moisture, fog, and dew (von Hase et al. 2006). 
Wind pollination here is reasonably common (Regal 
1982), especially in the denser grasslands with limited 
plant diversity (see chapter 19). Bees are again abun¬ 
dant, with butterflies and moths also much in evidence. 
Australasia is unusual in having a substantial compo¬ 
nent of bird pollination in these kinds of habitats; 
many eucalypts are pollinated by birds, as also are 
members of Myrtaceae and the well-known shrubs 
Banksia and Grevillea, on which honeyeaters and 
brush-tongued parrots are especially effective. South 
American savannas also have reasonable numbers of 
honeycreepers and icterids, but hummingbirds are 
usually restricted to more wooded areas. 

Problems with Triggering and 
Timing of Flowering 

A common trigger for flowering in arid lands is the 
onset of rainfall, or more rarely the cessation of rain¬ 
fall where there is a distinct constrained rainy season. 
For example, five out of six desert plants tested in 
southern US deserts by Bowers and Dimmitt (1994) 
had rain as a trigger, the sixth depending on photope¬ 
riod. The creosote bush ( Larrea) had its blooming trig¬ 
gered through spring and summer by any rainfall event 
of more than 12 mm, and Ambrosia required just 9 mm. 
But Larrea also showed an additional strong flowering 
in early spring as soil temperatures rose whenever 
there had been winter rain. 
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As noted in chapter 8, many desert flowers secrete 
nectar at dawn and/or dusk, so investing water into 
nectar production at times when humidity is higher 
and the plant is less water stressed (Bertsch 1983; Ni- 
colson 1993). This release of floral resources at times 
of high relative humidity and low ambient temperature 
has probably had long-term implications for the physi¬ 
ology of bees in desert habitats; if nectar is a limiting 
resource, those bees able to collect it at the low tem¬ 
peratures associated with crepuscular secretion would 
be favored, leading to selection for increased endo- 
thermy. This might explain why deserts are home to 
the most endothermic bees yet studied (e.g., Stone and 
Willmer 1989a; Willmer and Stone 1997b). 

Problems of Highly Dispersed Flowers 

Plants tend to occur very irregularly, often clumped in 
dry river beds or over gravels, or in small depressions 
where water can briefly accumulate, or in the shade of 
boulders where their seeds have been caught. From the 
perspective of pollinators, they are often highly dis¬ 
persed and separated by inhospitable terrain. 

Some desert bees rely on synchronous emergence 
with patches of more concentrated blooming by rare 
and irregularly flowering plants, and are pollen spe¬ 
cialists on these species (Minckley et al. 2000). These 
desert bees can facultatively remain in larval diapause 
(Danforth 1999), perhaps for up to ten years, and do 
not begin any activity in years when the desert flora is 
sparse or absent. Only when their preferred plants such 
as Larrea are triggered into flowering by rains do these 
specialist bees emerge with marked synchronicity, so 
presumably their diapause termination is linked to the 
same rainfall trigger. However, even then only about 
half of the larvae pupate and emerge, giving a bet¬ 
hedging strategy for the population. Species richness 
of the 22 species of bee that are specialists on Larrea 
appears to be greatest in areas with the least predict¬ 
able blooming, and in these areas polylectic visitors 
are less common; perhaps the more generalist bees fail 
because they cannot achieve synchrony with the plants, 
being unable to diapause in the years when flowering 
is poor (Minckley et al. 2000; Minckley and Roulston 
2006). Specialist bees also do better on Prosopis flow¬ 
ers than introduced Apis, with Chalicodoma and Perd- 
ita being the more effective pollinators for this tree 
(Keys et al. 1995). 


This may in part explain why bees are at their most 
diverse in arid zones (Danforth 1999) and why spe¬ 
cialist bees are documented to be more common there 
than in mesic areas (Michener 2000). 

Issues of Energetics, Heat Overload, and 
Water Balance for Desert Plants and Animals 

The need to produce at least reasonably dilute nectar 
to attract visitors clearly creates water balance prob¬ 
lems for a desert or savanna plant. Dawn or dusk flow¬ 
ering may be desirable or even essential, allowing the 
plants to secrete nectar when water from dew is at its 
maximum availability, and also ensuring that they are 
dispensing their nectar into a more humid environment 
where it will not immediately evaporate to a crystal¬ 
line state suitable only for flies. Hence use of dusk¬ 
flying bats or hawkmoths by larger-flowered plants 
can be advantageous in some deserts; for example, 
Merremia (Convolvulaceae) opened its flowers and se¬ 
creted its nectar at dusk in the Sonoran Desert and was 
pollinated almost exclusively by hawkmoths (Will- 
mott and Burquez 1996). For day-flowering plants 
there may be no alternative but to invest scarce water 
resources into nectar, so that Echium wildpretii was 
interpreted as producing dilute nectar specifically as a 
water resource to desert bees (Olesen 1988), as were 
Calotropis flowers (Willmer 1988); in both cases the 
nectar is highly protected by the floral architecture to 
avoid wasteful evaporation. In the desert willow 
Chilopsis , there is both groove and pool nectar (see 
chapter 8), partitioning the resources for different visi¬ 
tors and ensuring that some remains protected later 
into the day (Whitham 1977). 

Temperature and water balance problems for des¬ 
ert pollinators were specifically considered by Chap¬ 
pell (1984) for Centris bees foraging on paloverde 
trees; he found that they had to stop flying periodi¬ 
cally to avoid lethal overheating. Willmer and Stone 
(1997b) reviewed the physiological problems of desert 
bees and found no particular specializations of warm¬ 
up rate or thoracic temperature in flight (fig. 27.2), but 
a strong tendency to matinal, twilight, or bimodal ac¬ 
tivity patterns (fig. 27.3) to escape the hottest hours. 

Honeybees function at least around the fringes of 
deserts, and have the advantage over most other bees 
of specific water-collecting behaviors, taking water 
from up to 2 km from the hive in aliquots of up to 
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Figure 27.2 Desert bees compared with Mediterranean species, show¬ 
ing warm-up rates and thoracic temperature excesses, with little dif¬ 
ference in either parameter at any given body mass; (Modified from 
Willmerand Stone 1997b.) 


40 jj 1 per trip (Visscher et al. 1996). They can also 
maintain unusually constant and equable hive condi¬ 
tions by communal fanning behaviors. 


Increased Reproductive Allocation in Plants 



Figure 27.3 D 
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Increased reproductive allocation has been suggested 
as a likely effect in deserts, with reduced allocation to 
vegetative plant growth, although direct evidence is 
scarce. Comparisons of related desert and Mediterra¬ 
nean species of crucifer reported that the desert spe¬ 
cies showed reduced production of flowers but a higher 
ratio of reproductive to vegetative biomass; so there is 
a higher allocation to reproduction overall (Boaz et al. 
1994). This is probably a common pattern. The desert 
crucifers also produced fewer and smaller seeds, but 
again a higher ratio of seeds to total biomass. 


2. Pollination in 
Mediterranean Ecosystems 

Although named after the Mediterranean basin (i.e., 
southern Europe and North Africa), Mediterranean- 
type habitats also occur in South Africa and southern 
Australia, and in the New World in California and 
parts of Chile (see fig. 27.1). These zones tend to occur 
toward coastlines (replacing the grasslands that spread 
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further inland) and are at their most obvious in areas 
around 35°-45° latitude, especially where human in¬ 
fluence has been long-standing. 

Habitat Characteristics 

All the Mediterranean zones exhibit strong seasonali¬ 
ty, with mild wet winters and hot dry summers; they 
therefore tend to have short and highly structured 
flowering bursts in their springtime months, linked to 
the very predictable climate that allows plant growth 
and development to be tightly patterned. These habi¬ 
tats have generally been rather stable through evolu¬ 
tionary time and much less affected by Pleistocene 
climate cycles (Ice Ages) than cooler temperate zones. 
They are major centers of plant radiations, especially 
for small shrubs and herbs rather than trees; the Medi¬ 
terranean basin has around 30,000 plant species or 
subspecies, compared with about 6000 in all the rest of 
Europe. The reasonably continuous perennial Medi¬ 
terranean vegetation in turn provides amelioration of 
conditions for a wide diversity of animals. Hence there 
is high biodiversity and tight packing of flowers and 
pollinators, with typically high levels of competition. 
However, these zones are often now particularly sub¬ 
ject to substantial anthropogenic stress from increas¬ 
ing fire, overgrazing, tree removal for fuel use, and the 
demands of human agriculture and urbanization 
(Blondel and Aronson 1999). 

Flora and Pollinating Fauna 

Mediterranean soils are often quite shallow and stony 
and moderately acidic in character. The resulting veg¬ 
etation is of grasses, perennials, and shrubs, with many 
bulbous flowering plants, often with scattered stands of 
relatively small spiny trees; although where the system 
is allowed to go to a climax vegetation it is often pines 
that come to dominate above a layer of thorny shrubs. 
Wherever land is cleared there are also bursts of an¬ 
nual flowers from the long-lasting seed banks. Grazing 
often helps maintain diversity by preventing the final 
stages of succession and allowing the annuals to flour¬ 
ish, but native grazers have usually been replaced by 
abundant sheep, cattle, or goats. Reptiles and birds are 
common, and insects can be hugely diverse, with or- 
thopterans and ants particularly common but bees and 
butterflies (and evening moths) also very conspicuous. 


Mediterranean areas tend to show a fairly consistent 
pollinator fauna across different communities and even 
across continents (Moldenke 1976; Petanidou and Ellis 
1993). There is high endemism, and nearly always high 
bee diversity: southern Africa is the main exception, 
since bees are relatively uncommon there, but south¬ 
eastern Europe and California in fact have the highest 
numbers of bee species in the world (Roubik 1989). 
This is linked with a predominance of bee-pollinated 
shrubs, visited by a wide range of solitary bees, but 
now with Apis introduced and often dominating the 
communities, especially in Europe (Herrera 1988). 
Even so, many of the shrubs appear specialized to just 
a few bee species that divide up the flora between them 
(Moldenke 1976; Simpson 1977; Armstrong 1979; 
Petanidou and Vokou 1990, Potts et al. 2003a,b). Bees 
made up 39% and 31%, respectively, of communities 
in Greece (Petanidou et al. 1995) and in Spain (Her¬ 
rera 1988). But in southern Australia and in Chile the 
bees, while still very important, tend to be of different 
genera and even families from familiar temperate ex¬ 
amples, with Colletidae particularly common in Aus¬ 
tralia (Roubik 1989). Across all these ecosystems the 
social bees seem to be less important than in other 
kinds of habitat, perhaps because the flowering season 
is relatively short and social bees have longer-lived 
colonies. Furthermore, in all sites the occurrence of 
parasitic bees is rather low (Petanidou et al. 1995). 

All these regions except the actual Mediterranean 
basin also have about 10% of their species pollinated 
by birds; in Chile and California the birds (mainly 
hummingbirds) are not generally visiting the most 
dominant plants, although in southern Australia and 
South Africa the honeyeaters, sunbirds, and sugarbirds 
probably do visit keystone plants. Most of the Medi¬ 
terranean zones also have a high rate of ant visitation 
(but usually not pollination) of flowers; Bosch et al. 
(1997) recorded 58% of all floral visits as due to ants 
in a northern Spanish site. 

The Mediterranean phrygana in Greece is among 
the most intensively studied habitats (Petanidou and 
Ellis 1993), where in a 30 ha patch these authors found 
132 species of flowering plant and 666 species of in¬ 
sect visitors, of which 225 were solitary bees. Each 
flower species averaged five kinds of visitor, including 
flies, lepidopterans, beetles, wasps, and bees. 

The South African Cape is the most distinctive of 
the Mediterranean habitats: it has more fires, a longer 
flowering season, and especially poor soils (Johnson 
1992). The Cape has the most diverse flora in the 
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Table 27.1 

Numbers of Plants Observed with Different Pollination Systems in Sub-Saharan Iridaceae 



No. of genera 

No. of species 

Bee, nectar gathering 
(zygomorphic) 

15 

406 

Bee, pollen gathering 
(mainly radial) 

8 

145 

Bee, buzz pollination 
(radial, porose anthers) 

2 

8 

Long-proboscid fly type 1 
(spring flowering, red/mauve) 

9 

33 

Long-proboscid fly type 2 
(spring/summer, white/pink) 

5 

30 

Long-proboscid fly type 3 
(summer/fall, white/pink) 

11 

54 

Scarab beetle 
(bright, dark marks, open) 

10 

62 

Scarab and bee 
(as above but with nectar) 

7 

59 

Moth 

(pale/dull, long tube) 

9 

62 

Large butterfly 
(red/yellow, long tube) 

6 

16 

Sunbird 

(red/orange, elongate) 

8 

75 

Wasp 

(dull, deep cup) 

2 

3 

Short proboscid fly 
(yellow, deep cup) 

3 

9 

Dung/carrion fly 
(dull, putrid odour) 

2 

7 

Generalist 

6 

24 


Source: After Goldblatt and Manning 2006. 


world, but a relatively poor representation of pollinat¬ 
ing insects, especially of bees: anthophorines are the 
most common type present (Johnson 1992; McCall 
and Primack 1992). Johnson and Steiner (2003) noted 
the relatively few bees overall (roughly 15 times as 
many plant species as bee species, compared with only 
2-3 times as many in north temperate and subtropical 
systems), but also drew attention to unusually high 
numbers of long-tongued flies, large satyrid butterflies, 
hawkmoths, flower-visiting beetles, rodents, and oil¬ 
collecting bees. These yield many highly specialized 
examples of pollination interactions covered in earlier 
chapters: the Rediviva bees taking oils on Diascia, 


many deceptive orchids using bees and wasps, the spe¬ 
cialist flowers visited by long-tongued flies (Bombylii- 
dae, Nemestrinidae, and some Tabanidae), unusual 
beetle-pollinated flowers, and many geoflorous flow¬ 
ers served by nonflying mammals. There is also an un¬ 
usually high proportion of wind-pollinated plants. The 
Iridaceae are instructive of the sheer diversity of plants 
and of pollination specializations in the Cape area: 
Goldblatt and Manning (2006) documented 17 differ¬ 
ent pollination systems (many of them shown in table 
27.1), and multiple instances of pollinator shift within 
the family, and they recorded only 2% of the species in 
their visitor spectra as being generalist. 
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Foeniculum vulgare 
Sedum sediforme 
Daphne gnidium 
Ruta chalepensis 
Convolvulus arvensis 
Reichardia picroides 
Spartium junceum 
Cistus monspelliensis 
Galactites tomentosa 
Reseda phyteuma 
Ech 'ium vulgare 
Hirshfeldia incana 
Ulex parviflorus 
Inula viscosa 
Lobularia maritima 


H 


I-F 


I-1-1 

I—I-1 

I—I—I 

I-1-1 

I-1—I 

I-1-1 

I—I-1 


I-1-1 


I-1-1 

- 1 - 1 - 1 - 1 - 1 - 1 - 1 - 1 - 1 - 1 - 1 - 

SONDJ FMAMJJA 


Spring flower burst 

Figure 27.4 Flowering time in key plants from a northeastern Spain community, with vertical lines showing the on¬ 
set, peak and end of each flowering period; March to May show a substantial community flowering burst. (Redrawn 
from Pico and Retana 2001.) 


Timing and Phenology 

Petanidou and Lamborn (2005) provided a useful re¬ 
view of the general characteristics of pollination ecol¬ 
ogy in Mediterranean communities. Flowering is 
strongly skewed toward spring (hence March to May 
in Europe and North Africa, September to December 
in South Africa, Australia, and Chile), and many plants 
have summer dormancy. A few flower in autumn, of¬ 
ten with no leaves present (hysteranthy), and these of¬ 
ten have hydrophobic floral surfaces or a pendant habit 
to avoid rain wetting their pollen; some Crocus and 
Cyclamen species are typical. But a few flowers are 
often available all year round, mostly from deep-root¬ 
ed perennials. Figure 27.4 shows a phenological ex¬ 
ample from northeast Spain. Most plants have a flow¬ 
ering period of 2-3 months (see Kummerov 1983). 
Typical spring flowers in bulbous species are rather 
showy, whereas flowers borne on herbs are rather 
small, diurnal, and with rather low nectar yields (see 
fig. 8.7), although in the summer period the flowers 
tend to be even smaller. However, the sequence of 
flowers over the crucial spring months is such that a 
wide range of visitors can be supported, as shown for 
an Israeli site by Potts et al. (2003b). In many sites 
around the Mediterranean there are apparent “waves” 
of color in the spring flora, with predominantly red, 
pink/mauve, and yellow phases (although somewhat 


overlapping; e.g., Bosch et al. 1997); and it is often the 
case that the yellow flowers are nectarless with rather 
dry pollen while the pink/mauve flowers are the best 
nectar sources. 

A few species do break the rules, by flowering at 
dusk with much larger nectar rewards; Capparis (the 
caper plant) is a classic example, abundant through the 
Mediterranean basin and attracting both hawkmoths 
and the nocturnal Proxylocopa carpenter bees. Lobu¬ 
laria maritima is also unusual in flowering for any¬ 
thing up to 10 months of the year, peaking in autumn 
(Pico and Retana 2001); it is a common brassicaceous 
plant of coasts and scrublands around the Mediterra¬ 
nean, mainly visited by flies and a few beetles. 

Certain plants may be identified as key components 
in the community, linking between different phases of 
flowering and providing the core forage for pollina¬ 
tors. An example of a sequence and key linkages is 
shown in figure 27.5, modified from Petanidou and 
Potts (2006). 

Higher levels of dioecy in plants are characteristic 
compared with temperate habitats. About 20% dioecy 
was recorded for shrubs in maquis and sclerophyll for¬ 
est in Italy (Aronne and Wilcock 1994), many of the 
dioecious species having particularly small flowers 
and small fleshy fruits. Where monoecy occurred it 
was associated with dry single-seeded fruits, while the 
hermaphrodites tended to have larger flowers and dry 
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Year 

start Asphodelus 

aestivus Calendula 

Hellotroplum 
spp. 


AUTUMN 


Ecballium 

elaterium 


Echium 
angustifolium 


Hypericum 
triquertrifolium 


Convolvulus 

cantabrica 


SUMMER 



Fumana 

thymifolia 


Thymus 

capitatus 


Hypochoeris 

achyrophorus SPRING 


Phagnalum 

graecum 


Crupina 

crupinastrum 


Scabiosa 

atropurpurea 


Chrysanthemum 

coronarium 


Centaurea 

orphanidea 


Cistus 

parviflorus 


Figure 27.S Key components in a Mediterranean flowering community. Central thin lines connect two flowering 
species sharing at least ten visitor species, so that four key plant species (bold) link seasons and provide food conti¬ 
nuity for pollinators. (Modified from data in Petanidou and Potts 2006.) 


many-seeded fruits, with a lack of vegetative spread¬ 
ing systems. The very common wild thyme (Thymus 
vulgaris) is gynodioecious (small female plus larger 
hermaphrodite flowers), and is spread mainly vegeta- 
tively (which should favor gynodioecy; see Charles- 
worth and Charlesworth 1978). 

Given the structured but rather limited variation in 
plant phenology, there is surprisingly high variability 
in insect phenology, a characteristic thought to be 
linked to the variations of climate (Herrera 1988; 
Petanidou and Ellis 1993). Specific sequences of soli¬ 
tary bee emergence are particularly obvious in these 
zones. 


Specialization in Mediterranean Systems 

Petanidou and Potts (2006) compared three such sys¬ 
tems, in Greece, Israel, and Spain. Web connectance 
values for these were very low (table 27.1), and con¬ 
nectance decreased with increased community size 
(cf. Olesen and Jordano 2002), being markedly lower 
for the more speciose Greek and Israeli sites. A very 
high proportion of monotropic insects was recorded at 
all three sites (varying from 36% to 56%), while the 


proportions of monophilic plants were below 10% in 
Greece and Spain but higher (36%) in Israel (where 
only bees were recorded), indicating a marked asym¬ 
metry in specialization (an issue discussed in chapter 
20). However, when the Greek site was compared us¬ 
ing these authors’ preferred parameter of “selectivity” 
(see chapter 20), values were similar and very high 
for the plants and the animals, with most species of 
both groups having a selectivity of greater than 0.9 
(fig. 27.6). Here, then, both the plants and the insects 
were selective about their interacting partners, and 
generalization would definitely not appear to be the 
rule. (Curiously, the authors concluded that because 
relatively specialized plants and animals were usually 
associated with moderately generalized partners, giv¬ 
ing asymmetry, the communities should be regarded 
as having “very limited specialization”). 

3. Pollination in the Humid Tropics 

Tropical forests occur on all the southern continents, 
straddling the equator (see fig. 27.1), notably in West 
Africa, southeast Asia, and northern Australasia, but 
the largest areas are found in Neotropical Amazonia. 
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Figure 27.6 Selectivity values for insects and 
for plants, in a Greek phrygana community; 
selectivity is the ratio E-T/E, where £ is the 
available number of species and T the species 
used as partners. Note that intervals are 
smaller at higher S values. (Redrawn from 
Petanidou and Potts 2006.) 


Habitat Characteristics 

Where rainfall exceeds 2000 mm per year and is even¬ 
ly distributed, evergreen rainforest results, almost non- 
seasonal and consistently warm and wet and windless 
within the canopy. In areas where there is some varia¬ 
tion in rainfall patterns the forest is somewhat more 
seasonal. Mean monthly temperatures in all these trop¬ 
ical forests may be as high as 24°C-28°C. 

The core tropical forests show greater species rich¬ 
ness, and indeed greater richness at most taxonomic 


levels, than any other ecosystems, and often also show 
the highest primary productivity levels (Gaston and 
Williams 1996). Neotropical and southeast Asian for¬ 
ests have higher plant species richness than African 
forests, but structural complexity is similar in all three 
continents. However, tropical forest soils are diverse in 
character on different continents and also within large 
land masses such as Amazonia, and may produce sur¬ 
prising local variability in the overlying forest diver¬ 
sity. Sometimes the soils are deep but well weathered, 
forming reasonably fertile clays; but where rainfall is 
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Table 27.2 

Comparisons of Three Mediterranean Plant-Pollinator Communities 



Greece 

Israel 

Spain 

All insects 

Bees only 

Bees only 

All insects 

Bees only 

No. of plant species visited 

132 

129 

179 

26 

24 

No. of visiting insect species 

665 

262 

340 

180 

55 

No. of interactions 

3006 

1390 

921 

415 

155 

Mean plant phily 

23 

11 

5 

16 

6 

(range) 

(1-123) 

(1-48) 

(1-43) 

(1-86) 

(1-25) 

Mean insect tropy 

4.5 

5.3 

2.7 

2.3 

2.8 

(range) 

(1-103) 

(1-103) 

(1-20) 

(1-1 7) 

(1-14) 

Connectance 

3.4 

4.1 

1.5 

8.9 

11.7 


Source: Petanidou and Potts (2006). 


particularly high, and where forests lie over sandstone, 
the soils may get severe weathering and only a thin 
layer of organic soil persists over meters of whitened 
quartz. 

Flora and Pollinating Fauna 

Tropical forests are characterized by a pronounced 
vertical stratification of vegetation from the tallest 
emergent and canopy trees (above 50 m) down to 
woody shrubs, large herbs, and creepers, and then in¬ 
frequent small herbs, but with vertically growing li- 
anes traversing the strata. The end product may be up 
to 1000 species of plant per hectare in total. All levels 
of this vegetation bear flowers and interact with flower 
visitors, although flowering is often not very obvious 
near the forest floor. Despite the architectural plant di¬ 
versity, the overall above-ground animal biomass in 
rain forests, at least on the visible scale, is surprisingly 
low. Among the vertebrates, many herbivores, frugi- 
vores, and pollinators are arboreal and consequently 
small. But birds and insects are abundant throughout 
the three-dimensional architecture of the forest. 

The flowers cover the entire range of blossom types, 
with a very high diversity of floral forms, reflecting in 
part the greater diversity of plant growth forms in the 
stratified community. Most flowers are small and not 


especially conspicuous visually, and a first impression 
of the forest is often of a rather dull green leafy pan¬ 
orama with flowers hardly to be seen. The larger, deep, 
and showy flowers present are often rather high up; 
this is no doubt linked to the fact that the larger polli¬ 
nators (bats, birds, primates, large moths) are arboreal 
or are good fliers. The largest flowers known are tropi¬ 
cal, although this is probably in part due to the lack of 
constraints on growth; and the very largest forms tend 
to grow at floor level where their weight is well sup¬ 
ported. Some particularly specialized floral morpholo¬ 
gies do occur, although they tend to arise from more 
variety within particular phenomena rather than from 
whole new phenomena appearing. 

A spectacular variety of flower positions on the 
plant is notable in many forests. Flowers occur on 
trunks (cauliflory; see Phylloctenium, plate 15E) and 
on the main branches (ramiflory), long pendulous pe¬ 
duncles dangle from branches (flagelliflory; see Kige- 
lia, plate 28B), or a profusion of flowers shoot out of 
the canopy crown. Occasionally there are even flowers 
on foliage or flowers from underground roots. 

Among the pollinators, there is a very well-docu¬ 
mented diversity of pollination mechanisms. Gentry 
(1982) reported that more than 80% of all woody trop¬ 
ical species are animal-pollinated, and Bawa (1990) 
put the total figure for all tropical plants at 98%-99%. 
Table 27.2 shows a breakdown of examples of different 
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Table 27.3 

Pollination Types in Neotropical Forests 



Lowland forest 

canopy 

Lowland forest 
understory 

Upland forest 
canopy 

Mean 

Wind 

- 

3 

0 

2 

Vertebrates 

Bats 

4 

4 

2 

4 

Hummingbirds 

2 

18 

5 

8 

Insects 

Larger bees 

44 

22 

17 

27 

Smaller bees 

8 

17 

35 

19 

Beetles 

- 

16 

4 

7 

Butterflies 

2 

5 

12 

8 

Moths 

14 

7 

4 

8 

Wasps 

4 

2 

3 

3 

Other insects 

(mainly flies) 

23 

8 

17 

16 


Source: Bawa et al. 1985, Kress and Beach 1994, and van Dulmen 2001. 

Note: Mean values are derived from five different studies in Costa Rica and Colombia. 


pollination types, and mean values for their frequency, 
from some Neotropical forest sites. Wind pollination 
is rare, occurring in only about 2%-3% of plants; this 
is linked to the massive species diversity with conspe- 
cifics widely spaced, and to the lack of air movement 
below the canopy (see chapter 19). Bats visit 4%-5% 
of both canopy and subcanopy flowers, whereas hum¬ 
mingbirds are visitors to 5%-8% of canopy flowers 
but approaching 20% of shadier subcanopy and under¬ 
story flowers. In these same forests, bees may visit at 
least 50% of the canopy flowers (up to 95% of canopy 
flowers in some areas) and a slightly smaller propor¬ 
tion of the more shade-tolerant flowers, with larger 
and medium-sized bees more frequent visitors than 
small bees at nearly all sites. 

Sargent and Vamosi (2008) produced a meta-analy- 
sis of pollination guilds in relation to the light levels 
experienced in the forest, with all but 15 of their 488 
plant species being from tropical forests. Their find¬ 
ings are summarized in table 27.3. All groups tended 
to be most common at low to mid light levels, but this 
was particularly true for Hymenoptera (effectively the 
bees) and for Diptera. 

In terms of numbers of plant species visited or pol¬ 


linated, bees remain the most important group, and 
although their diversity is not especially high (Heithaus 
1979), some new bee groups do appear, notably eu- 
glossines in the Neotropics. Colonial stingless bees are 
very important too, and may constitute a quarter of all 
bees in the rainforests of French Guyana (Roubik 
1989). In southeast Asian forests, the stingless bees 
and Apis are again particularly common (Corlett 2004), 
together with a high proportion of beetles; these pat¬ 
terns are especially clear in the lowland dipterocarp 
forests, with their unique pattern of general flowering 
episodes. Wasp flower visitors also become more com¬ 
mon and conspicuous. Crepuscular flowers (pollinated 
mainly by bats and sphingid moths) are often very no¬ 
ticeable, and many produce especially strong scents. 
Birds are of course very important, mainly humming¬ 
birds in the Neotropics, but sunbirds and others else¬ 
where (chapter 15). 

But these are generalizations, and in practice plant 
type and pollinator distribution vary markedly, above 
all with height: 

1. In the canopy, with flowering trees and addition¬ 
ally some epiphytes and lianes, flower visiting is dom- 
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Table 27.4 

Presence of Major Pollinating Croups, as Percentage of Totals, at Different 
Canopy Light Levels in Forests (Mainly Tropical) 


Pollinator 

Forest floor 
Light level 1 
% 

Understory 
Light level 2 
% 

Substory * 
Light level 3 
% 

Canopy, or gap 
Light level 4 
% 

No. of species 

Hymenoptera 

8.6 

44.4 

17.9 

29.2 

247 

Coleoptera 

7.1 

36.0 

32.3 

25.2 

127 

Lepidoptera 

10.7 

30.9 

33.3 

25.0 

84 

Diptera 

2.7 

54.8 

17.8 

24.7 

73 

Birds 

0 

52.6 

28.1 

19.1 

57 

Mammals 

0 

40.0 

40.0 

20.0 

10 


Source: From Sargent and Vamosi (2008). 
'Includes lianes and epiphytes. 


inated by medium and larger bees (see table 27.4), 
which constitute up to 44% of visitors in Costa Rica. 
However, other than species with flowers catering for 
bees and some moths, many canopy trees tend to have 
small and inconspicuous, often greenish or yellowish 
flowers, strongly generalist, and often dioecious. 

2. The subcanopy trees are more diverse in flower 
type and pollination type, but bees are still most impor¬ 
tant. Both trees and lianes have good representation 
from the Fabaceae, and these are strongly associated 
with medium and large bees. Also there are more of the 
smaller bees (Halictidae, Megachilidae, and stingless 
species) and more beetles and hummingbirds. Bird pol¬ 
lination is less common there outside the Neotropics 
since perching types largely occur in the canopy and 
not in the understory (Pettet 1977; Appanah 1981); this 
must be in part because these birds often forage in 
flocks, so that they can be accommodated only in the 
larger trees (Stiles 1981). More beetles appear at lower 
heights, and larger hawkmoths are prominent in the 
lowest canopy layers. Some bat pollination occurs spo¬ 
radically throughout the tree layers. The rest of the veg¬ 
etation types here, apart from the trees, are not dissimi¬ 
lar in their pollinator-type distribution, with bees still 
most important, and hummingbirds common on the 
non woody plants in Neotropical areas. Quite strong 
links appear between families: hummingbirds especial¬ 
ly occur on Bromeliaceae (all epiphytes), Gesneriaceae 
(herbs and epiphytes), Passifloraceae (climbers), and 
Heliconia species (shrubby herbs), especially in gaps 


and edges. Understory layers have many species of Ru- 
biaceae, often visited by moths, butterflies, and again 
hummingbirds. Beetles visit many species of Annon- 
aceae, Lauraceae, and Araceae in the lower understory, 
while Bombacaceae are often linked with hawkmoths 
and bats. However, there are also many highly general¬ 
ist small or tiny social bees from the stingless group 
(Trigona, etc.), often robbing more specialist flowers as 
well as being part of the generalist community. 

3. The forest floor, often with very low light levels, 
has relatively few herbs, plus a few ferns and orchids 
and mosses. Where grasses occur they still tend to be 
insect pollinated (Soderstrom and Calderon 1971). 

Much of the description above is derived from 
Neotropical sites, which have until recently been 
much better studied. The southeast Asian forests are 
rather different and particularly odd, being exception¬ 
ally stable and often dominated by the single family 
Dipterocarpaceae, which flower only intermittently 
and often in bursts (mast flowering), triggered by a 
drop in temperature (Ashton 1988). One tree can pro¬ 
duce several million flowers over just 2 weeks. Me¬ 
dium to large, mainly social, bees are most important, 
but cannot cope with real flushes when there may be 
thousands of flowers simultaneously. Some diptero- 
carps therefore use generalist pollinators, an extreme 
example being the use of thrips in Shorea and some 
other genera, where a foundress thrip can produce 
four generations and several thousand individuals 
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Table 27.5 

Percentages of Plants with Different Pollination Syndromes in Different 
Successional Stages in Costa Rican Rainforest 




Successional age (months from establishment) 


6 

12 

24 

36 

Mature 

Wind 

38 

22 

8 

6 

Lower 

Small bee 

34 

40 

40 

38 

~ 

Medium bee or wasp 

7 

18 

23 

19 

Lower 

Large bee 

0 

0 

3 

6 

Higher 

Beetle 

0 

4 

0 

3 

Higher 

Small lepidopteran 

21 

11 

10 

9 

~ 

Large lepidopteran 

0 

4 

5 

3 

~ 

Hummingbird 

0 

4 

10 

10 

Lower 

Bat 

0 

0 

0 

3 

Higher 


Source: From Opler et al. 1980. 


in 2-3 weeks and so colonize thousands of flowers 
(chapter 12). 

There is a particularly high diversity of beetle pol¬ 
lination in Australian rainforests, linked with high rep¬ 
resentation from families such as Annonaceae (Bawa 
1990). There is also an unusually high diversity of 
hawkmoth pollination in Madagascan forests, together 
with some unique instances of lemur pollination (chap¬ 
ter 17), probably linked to the absence of other long- 
tongued insect taxa and of primates. 

On all continents, where the forests occur at higher 
altitude they tend to turn into cloud forest, and here the 
proportion of bird pollination increases (Cruden 1972a; 
Linhart et al. 1987), probably because the cooler tem¬ 
peratures and low cloud limit insect activity. Bees and 
beetles certainly tend to become rarer at altitude, al¬ 
though flies, hawkmoths, and other lepidopterans are 
still commonplace. More plants also become capable 
of selling (Sobrevila and Arroyo 1982). Humming¬ 
birds are very dominant on some Neotropical moun¬ 
tains (Linhart et al. 1987), while in Africa many pecu¬ 
liar plants appear in montane forests, often linked with 
sunbirds; examples include Leonotis, Protea species, 
giant heathers (Erica), and giant Lobelia (Dowsett- 
Lemaire 1989). 

Finally, trends in flowering and pollination can 
also be seen with secondary successional stages in a 
rainforest. Opler et al. (1980) reported higher levels of 


self-compatibility in early stages, with more dioecism 
and self-incompatibility in later succession; and as the 
plants in later successional stages were larger so there 
were also increases in their spacing, in flower size, and 
in pollinator size (see table 27.5). 

Patterns of Reproduction and Flowering 
in Tropical Rainforests 

With the high levels of tropical plant diversity in all 
forests, there is often a relatively enormous distance 
between conspecifics; for example, between 30% and 
65% of all trees in parts of the Amazon Basin grow at 
densities of less than one per hectare. This links to dif¬ 
ferences in plant reproductive strategy, and table 27.6 
shows estimates of compatibility patterns and dioecy, 
based on Bawa (1990), whose study indicated that trop¬ 
ical forests were characterized by moderately high lev¬ 
els of dioecy and rather low levels of self-compatibility. 
More recent work, including studies from the canopy 
layer, suggests that levels of dioecy up to 25% in rain¬ 
forest plants are indeed common (Schatz 1990). Mo- 
noecy is rather rare, and selfing also unusual in most 
strata, with self-incompatible (SI) systems common¬ 
place and probably rather varied in their mechanisms. 

Very rapid floral opening is a widespread occur¬ 
rence (each corolla opening to its full width in just a 
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Table 27.6 

Reproductive Systems in Tree Species from Tropical Forests 


Forest type 

Percent dioecy 

Percent self-compatible 

Lowland forest, Costa Rica 

23 

20 

Lowland forest, Panama 

9 


Island forest, Hawaii 

27 


Montane forest, Venezuela 

31 

62 

Montane forest, Jamaica 

21 

85 


Source: From Bawa 1980a. 1990. 


few minutes or even seconds); this is often due to se¬ 
pals or tepals being united in the bud and coming un¬ 
der tension as the flower grows. Sometimes explosive 
opening is initiated by the arrival of a pollinator (e.g., 
in some Fabaceae, Loranthaceae, and Proteaceae). 
This fast-triggered anthesis may help protect the bud 
from being damaged before it is ready. 

Once the bud is open, a brief flowering period is 
also common, so that the great majority of flowers are 
attractive and functional for only 1 day (Bawa 1983), 
and a particular plant may only be in flower for a few 
days. This is perhaps related to strong competition 
among plants and among the pollinators, and would 
make sense in the seasonal tropics especially, where 
most plants are flowering just as the rains begin, and 
each takes only a brief “slot” in the prime period of 
2-4 weeks (this is particularly obvious in the less di¬ 
verse seasonal forest of eastern Madagascar (pers. 
obs.), where many species’ flowering periods last just 
2-3 days). Synchronous flowering is common and 
largely related to reducing predation on seeds, but with 
peak flowering correlated with peak irradiance (usu¬ 
ally at the start of a rainy season in the more seasonal 
forests) (van Schaik et al. 1993). 

Flowering patterns in completely nonseasonal for¬ 
ests are more varied, but trees in particular are often 
noted for big-bang patterns (chapter 21), and masting 
or mass flowering is common in the Neotropics (Bawa 
1983; Bullock et al. 1983). It also occurs in Asian dip- 
terocarp forests, where Appanah (1993) recorded heavy 
bouts of mass flowering every 2-10 years; these were 
probably triggered by small temperature dips. They 
led to almost half the mature plants and over 80% of 
the canopy trees flowering for a period of 3-4 months, 
but with some evidence of interspecific sequencing of 
flowering within this period, as shown in figure 27.7 
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□ 
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□ 
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□ 
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4 


1 S. macroptera 

2 S. dasyphylla 

3 S. lepidota 

4 S.parviflora 

5 S. acuminata 

6 S. leprosula 


1 2 3 4 5 6 

Shorea species 


Figure 27.7 S 


Appanah 1993.) 


A 


for Shorea species. Maycock et al. (2005) showed that 
masting in Bornean dipterocarp trees helped to in¬ 
crease seed and seedling survival for most species, 
with low-intensity masting along with many conspe- 
cific trees also helping to improve outcrossing. 


Problems for Animal Pollination 

1. First, a high percentage of plants are obligate 
outcrossers (Bawa 1974; Bawa and Opler 1975), with 
Ward et al. (2005) finding greater than 90% outcross¬ 
ing for 45 species. Yet the vast majority of plants 
rely on biotic pollination in most of the forests that 
have been studied in any detail (Bawa et al. 1985; 
Bawa 1990; Endress 1994). Thus the visiting animals 
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Time 



Figure 27.8 Nectar patterns varying on different days and for different trees of Myrospermum frutescens in Costa 
Rican tropical forest. (Redrawn from Frankie and Haber 1983.) 


are required to work fairly intensively if the plants are 
to succeed. 

2. There is also a very high floral biodiversity, such 
that each plant or tree may be hundreds of meters or 
even kilometers away from its nearest-neighbor con- 
specific. Yet pollinators can and do move effectively 
among and between the resulting highly dispersed 
flowers (Gilbert 1975; Frankie et al. 1976; Augspurger 
1980; Appanah 1981, 1990). A review of pollen-medi¬ 
ated gene flow in Neotropical trees by Ward et al. 
(2005) found pollen dispersal ranging up to 19 km, 
and with a mean of 200 m. How do tropical forest trees 
get such long-range pollinator movement? 

One strategy is to avoid mass flowering but instead 
to produce a few flowers each day, over a long period, 
and attract trap-lining large bees or birds (Janzen 1971; 
Gilbert 1975). This relies on pollinators that have good 
spatial memory, and the flowers also need to be par¬ 
ticularly attractive; large, showy, often highly scented 
(except where hummingbirds are used), and with a 
high reward to more than cover the costs of inter-tree 
flights. 

But that is the minority approach; as discussed 
above, big-bang mass flowering using photoperiodic 
cues is more common and can in itself be seen as an 


adaptation to cope with low population density. Where 
this occurs, a plant must nevertheless ensure that any 
one visitor does not go to too many of its flowers: it 
should be unpredictable, varying its flowering time 
and the flowers’ rewards a little (Perry and Starrett 
1980; Frankie and Haber 1983). The timing and qual¬ 
ity and quantity of nectar may be crucial, and having 
empty flowers as cheats might be a bonus (chapter 23). 
Frankie and Haber (1983) tested this idea with seven 
species from three families (Bignoniaceae, Caesalpin- 
iaceae, and Fabaceae), all visited mainly by larger bees 
(Xylocopa and euglossines). All had one-day flowers, 
mostly opening before sunrise. They found that flow¬ 
ering was seasonally synchronous but actually slightly 
staggered between individual trees in any one area, by 
up to a few days, so that bees were faced with a mosaic 
of different reward patterns. The nectar patterns also 
varied between trees quite substantially (fig. 27.8), and 
for some species also varied between days for any 
given tree. Bee visits mapped onto peak nectar avail¬ 
ability on a tree-by-tree basis. Even within a tree these 
authors found an earlier nectar flow in lower branches 
of Andira trees (Fabaceae) compared with the higher 
branches, the bees (mostly Gaesischia and Centris) 
also moving progressively up the tree almost as a cir¬ 
cular band around the crown. 
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In dioecious species this variability can be taken 
one stage further such that there is different nectar pro¬ 
duction timing in males and females. In Mappia rcice- 
mosa (Icacinaceae) in Costa Rica, Frankie and Haber 
(1983) noted that males had nectar available about 1 
hour earlier than females, facilitating movement from 
male to female individuals. A similar pattern occurred 
in the androdioecious tree Xerospermum (Sapindace- 
ae) in Malaysian forests (Appanah 1982). 

A further useful possibility if a plant is mass-flower¬ 
ing is for there to be strong aggressive interactions (di¬ 
rect competition, often with territoriality) between visi¬ 
tors or pollinators, which may help reduce within-plant 
movements by any one individual. Such interactions 
are particularly common in the ubiquitous meliponine 
bees of the rainforests (see chapters 18 and 21). 

3. Temperature and water balance may cause prob¬ 
lems. The high ambient temperatures raise the possi¬ 
bility of overheating in pollinators, and larger endo¬ 
thermic animals when flying may readily overreach 
their T b limits and need to cease flight temporarily to 
cool down. They may also experience excess water 
loads as they generate metabolic water internally by 
their own flight activity (chapter 10) and cannot un¬ 
load this quickly enough into humid air. Birds, bats, 
and large bees may all suffer in this way, and have a 
tendency to urinate copiously, often while flying. 

In practice, most plants have no shortage of water 
and produce dilute nectar (15%-25% concentration is 
common), which stays dilute at the high ambient hu¬ 
midities (chapter 8). Most birds and bats have to drink 
dilute nectar anyway, because of their tongue struc¬ 
tures and lengths, and this high-volume dilute input 
can exacerbate their water balance problems. But al¬ 
most all the large bee-pollinated rainforest plants have 
nectar above 30% sugar concentration (Frankie et al. 
1983), which may help to reduce their visitors’ water 
loading. 

Specialization in Tropical Forests 

It is generally perceived that tropical communities are 
more specialized at a broad ecological level, and that 
the same is true in pollination ecology (Momose et al. 
1998). Most workers who have analyzed particular 
taxa have reported such an effect, and the meta-analysis 
by Sargent and Vamosi (2008) reported that 81.2% of 


species were visited by just one functional group of 
pollinators. Certainly in the tropics the classic special¬ 
ist relations are very well known: pollination by bats, 
by large long-tongued hawkmoths, by resin- and fra¬ 
grance-collecting bees, or by long-tongued flies, as 
well as the obligate relations of figs and fig wasps. 
High levels of specialization evidently do occur in 
some families—figs, orchids, etc.—but these are per¬ 
haps only a small proportion of the flora. In practice, 
from ground level everything looks rather sparse and 
very generalist, with many small white and greenish 
flowers, and with just a few exciting patches of color¬ 
ful and unusual flowers at mid-heights or around clear¬ 
ings and paths. 

To clarify matters, there have recently been broader 
analyses of the patterns across different habitats, dis¬ 
cussed at length in chapter 20. Ollerton and Cranmer 
(2002) found no evidence for increased specialization 
overall in tropical networks, while Olesen and Jordano 
(2002) reported that the plants showed more special¬ 
ization, although the insects did not. However, Oller¬ 
ton et al. (2006) fairly convincingly showed an in¬ 
crease in diversity of pollination types in the tropics 
compared to all other latitudes, and in forests com¬ 
pared to simpler habitat structures. Work on southeast 
Asian forests also raised new issues, with communi¬ 
ties from India and Malaysia proving structurally more 
like each other and rather different from most western 
hemisphere forests (Devy and Davidar 2003). 

Species richness and specialization within a com¬ 
munity could increase for several reasons, but interac¬ 
tions with pollinators certainly underlie some of the 
possible explanations (Ollerton et al. 2003). Plants 
could alter their niche axis by exploiting new kinds of 
flower visitor; or they could decrease their niche 
breadth by concentrating on a particular visitor (di¬ 
rectly leading to specialization); or they could increase 
niche overlap with other plants by sharing pollinators. 
Any of these three mechanisms could be occurring in 
tropical forest communities, and examples of each 
have been covered in earlier chapters. 

4. Pollination at High Latitude 
and High Altitude 

Essentially this section deals with pollination at low 
ambient temperatures, whether in the boreal and arctic 
zones (primarily of the northern hemisphere), or in 
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montane habitats at moderate to high latitudes. Some 
winter-flowering plants from more temperate zones 
can also be included here as they share some similar 
problems. 

The circumpolar ecosystems are marked by extreme 
cold; the records for lowest temperatures in overland 
climates are held by Siberia in the northern hemisphere 
(-68°C) and by central Antarctica in the southern 
hemisphere (-89°C). These zones also show a negative 
winter energy balance (more heat is lost than is being 
gained from the sun) and a very short growing season. 
The cold biomes comprise three main biotic types: the 
polar zones with continuous ice or snow cover, the 
tundra zones with minimal low vegetation in the short 
summer, and the taiga where coniferous forests thrive. 
Cold biomes could also include areas of cold desert, 
often found on relatively high-altitude plateaus in the 
interior of large continents (e.g., the Tibetan plateau). 

Temperatures vary seasonally in all these zones; 
night temperatures are usually below 0°C at all times 
of year, and daytime temperatures may be only slightly 
above freezing in the “warmer” summer growing sea¬ 
son, which may be further compromised by high 
winds. Several problems are posed, and solutions 
found, for flowers to achieve successful pollination in 
these circumstances. 

The Antarctic has just two species of flowering 
plant, together with an abundant fringe of lichens and 
algae. But in the terrestrial Arctic fringes, topography 
and the maritime influence have a substantial effect on 
local climate, with warmer air flowing down any slopes 
and giving favorable conditions for plant growth. The 
plant material itself gives further amelioration, so there 
may be a temperature excess of at least 20°C above 
ambient among the diverse small plants that survive. 

In tundra the characteristic vegetation is abundant 
moss and lichen; at best there may also be very sparse 
and very low-growing trees (especially dwarf willow) 
and some coarse grasses. No large trees or shrubs can 
survive because the permafrost precludes taproot pen¬ 
etration, and tall plants with shallow roots would in¬ 
evitably be blown down. Plant biomass is mostly un¬ 
derground as roots and extensive rhizomes, and low 
cushion-like plant growth helps to trap the decompos¬ 
ing leaves each autumn and allow local, slow nutrient 
recycling. Many of the evergreen plants that persist 
have small leaves with thickened and hairy cuticles, 
and most have vegetative budding from runners with 
protected ground-level buds to allow rapid growth in 
spring. 


The coniferous taiga forests stretch in a wide belt 
across Canada, Scandinavia, and northern Europe, 
plus most of Russia, from the northernmost treeline 
down to a gradual merger with more deciduous tem¬ 
perate forests. The climate allows only a short growing 
period (2-3.5 months), and the summers though fairly 
warm have limited rainfall. Conifers always dominate, 
usually in low diversity, so that these regions have a 
dense layer of decomposing conifer needles up to 
100 mm deep, producing a very acid soil but providing 
a thermally buffered zone; only acid-living shrubs 
(mainly Ericaceae) thrive in these conditions. 

Short Seasons 

There may be only a few weeks in the year when tem¬ 
peratures allow plant growth, and flowering must be 
achieved within this period. This inevitably produces 
competition within and between species for any avail¬ 
able pollinators, and often a tight temporal patterning. 
For example, in the very short summer in northern 
Sweden, Stenstrom and Bergmann (1998) found that 
bees showed strong dependency on pollen-presenta¬ 
tion patterns of the very limited available flora, so that 
Bombus alpinus began foraging on unspecialized Saxi- 
fraga early on, but moved to Astragulus and then Bart- 
sia (both more specialized and typical of bee-pollinated 
flowers) as soon as they started flowering; on any one 
day thereafter the bees had 90%-100% pollen from 
one of these species in their scopae, and the saxifrages 
were no longer visited. 

In both subpolar and montane habitats the start of 
the growth season may be asynchronous and patchy, 
with a mosaic of small habitats arising fairly unpre- 
dictably at the snowmelt margins (Kudo 1991, 2006; 
Stanton et al. 1997; Yamagishi et al. 2005). Flowering 
may start early in wind-blown areas relatively free of 
snow, but very late within deep snowfields (fig. 27.9), 
with a given species such as Rhododendron aureum 
being two months later to begin flowering in the latter 
sites. 

Aizen (2003b) showed the stresses of short seasons 
that can result for Andean mistletoe ( Tristerix ). The 
pollinators (hummingbirds) were rare on early flow¬ 
ers, but seed dispersers (marsupials) were abundant in 
the short summer and thus most effective when the 
earliest flowers reached seed set; hence flowers had to 
be produced mainly in winter even though the pollina¬ 
tors were rare. 
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Figure 27.9 Variations in flowering time for entomophilous 
species along the snow line of (A) a fellfield, (B) an early 
shallow snowbed, and (C) a late deep snowbed. Three spe¬ 
cies common to all and with very different phenologies are 
highlighted in gray. (Redrawn from Kudo 2006.) 
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Limited Pollinators Available 

Ttie fauna of tundra and fringe polar regions is very 
restricted, and some types of pollinators are infrequent, 
witli many groups missing entirely. Flies (especially 


the more primitive biting flies and small muscids) are 
particularly common, and many flowers use them (e.g., 
Kevan 1972; Pont 1993). Muscids and empids are rath¬ 
er generalized in their flower visiting habits, apart from 
a few longer-tongued specialized muscids (Elberling 
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and Olesen 1999). With flies abundant, open bowl¬ 
shaped white and yellow flowers are common; inter¬ 
estingly Lazaro et al. (2008) found that these flower 
types were among the more specialist forms in an al¬ 
pine community, though rather generalist elsewhere. 

Endothermic bees are able to cope with low tem¬ 
peratures, hence bee pollination is dominant in the less 
extreme parts of the northern tundras (Ranta et al. 
1981). Bombus extends well into the Arctic zone, for 
example occurring at 81°N on Ellesmere Island in 
Canada (Hocking 1968; Kevan 1972). Following Berg- 
mann’s rule, the bee fauna tends to be of large body 
size in these colder climates. There is also a trend of 
increasing tongue length with increasing latitude in 
bumblebees (Ranta et al. 1981; Pleasants 1983), al¬ 
though this is not matched by any increase of corolla 
length. Reduced competition from other species prob¬ 
ably allows the longer-tongued bees to visit short and 
medium corollas more successfully (see chapters 18 
and 22). 

Limited pollinator availability has consequences 
for plant reproduction. Some plants show a mix of 
wind and animal pollination perhaps as a fail-safe, 
with Salix species varying between 2% and 52% ane- 
mophily in Norway (Peeters and Totland 1999), where 
the lower values corresponded with longer female cat¬ 
kins and higher nectar content. Low pollinator num¬ 
bers also lead in some cases to increased influence on 
overall seed set from rather poor-quality flower visi¬ 
tors such as ants. The alpine skypilot Polemonium vis¬ 
cosum in a high tundra population suffered 20% re¬ 
ductions in seed set due to flower damage from ants, 
and at high density ants could reduce the selection for 
bumblebee pollination (Galen and Geib 2007). 

A little further south but still in the colder ecosys¬ 
tems, Kevan et al. (1993) suggested that the diversity 
of pollinators in boreal forests was not much reduced 
overall; but he suggested that specializations though 
present were less developed, perhaps due to the evolu¬ 
tionary youth of the habitats and the frequent perturba¬ 
tions by fire or by insect pest outbreaks. 

Flowers in colder climates show a tendency to be 
protogynous (chapter 3), because the anthers can per¬ 
sist into old age if the flower has not been pollinated 
(rather than shriveling at a predetermined age to allow 
stigma maturation), and thus the flower can still self- 
fertilize as a last resort; this is often necessary in habi¬ 
tats where pollinators are scarce and crossing is 
unreliable. 


The problem of limited pollinator availability also 
applies to any plants that flower during the winter in 
temperate climates. A famous and instructive example 
here is the gorse Ulex europaeus, where some plants 
only flower in winter and early spring (Bowman et al. 
2008), apparently thereby escaping from herbivory. 
The winter-blooming plants showed similar flower 
size and pollen production to those flowering in 
autumn or spring, but had a much longer flowering 
period, which (combined with their high attractiveness 
in winter, and almost no competitors) ensured that 
they received sufficient pollinators on the rare warmer 
days. 

Increased or Decreased Floral Showiness 

There is some evidence for enhanced floral longevity 
in alpine and boreal flowers, giving a longer period of 
display; for example Utelli and Roy (2000) recorded 
Aconitum flowers lasting 6.4 days at altitude but only 
4.2 days at low elevations. Furthermore, while flowers 
tend to be open and bowl shaped, and thus fairly un¬ 
specialized, they are also rather showy, often with 
quite large glistening white or brightly colored corol¬ 
las. Where more specialized morphologies occur, as in 
the bumblebee-pollinated sea pea ( Lathyrus japoni- 
cus), the color is bright and the flowers normally last at 
least 6 days (Asmussen 1993). These floral traits may 
represent a strategy to enhance the probability of pol¬ 
lination by taking maximum advantage of the short 
season and limited pollinator numbers. However, there 
is apparently a reduced impact of flower size on polli¬ 
nation success (e.g., in Ranunculus acris; Totland 
2004), probably because seed set is limited by resourc¬ 
es rather than by pollen receipt. For Dryas octopetala, 
Lundemo and Totland (2007) found both these effects 
operating at different elevations in Norway; in particu¬ 
lar, sites with lower visitation had significantly longer- 
lived flowers. 

There is also a distinct alternative strategy, of small 
flowers with high self-compatibility and high levels of 
autogamy (Arroyo et al. 2006). An example of this is 
Campanula uniflora , growing in Greenland and Ice¬ 
land, where the most northerly Iceland flowers have 
switched to cleistogamy, shedding pollen internally to 
self-fertilize while the buds are still closed (Aegisdottir 
and Thorhallsdottir 2006). Two Norwegian Cerastium 
species compared by Totland and Schulte-Herbruggen 
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(2003) also neatly make the points here; C. cerastoides 
is a pioneer species in various disturbed moderate- 
elevation habitats, while C. alpinum is an alpine spe¬ 
cialist; both show similar levels of autogamy but the 
former has small pale flowers and higher self-compat¬ 
ibility, the latter has larger showier flowers and better 
insect visitation. 


Flowers Need to Keep Warm to 
Speed Ovule Development 

Microclimatic variation plays a crucial role in cold 
habitats, and flowers are able to use the incoming ra¬ 
diation (which can be intense in the brief summer) to 
achieve a degree of warm-up. This can be in part pas¬ 
sive, by choice of growing site; for example Chaetan- 
thera flowers growing on more sunlit northern and 
eastern slopes in the Andes could be 2°C-3°C warmer 
than those on southern slopes, and received 4-8 times 
as many visits from butterflies and andrenid bees (Tor- 
res-Diaz et al. 2007). 

Some flowers have a more active form of radiative 
gathering, their corolla bowls shaped as parabolic re¬ 
flectors (see fig. 9.10) to reflect radiation internally 
onto their own centers and so warm up the ovaries. 
Several, such as the snow buttercup Ranunculus adon- 
eus, take this further and show heliotropism, behaving 
as solar trackers, with their flowers rotating around 
each day to keep pointing at the sun and maximizing 
the radiative input (chapter 9; see Ehleringer and 
Forseth 1980). In R. adoneus this rotation gives a 
30%-40% advantage in germination and pollen tube 
growth compared with artificially tethered flowers 
(Galen and Stanton 2003), while for Dryas integrifolia 
Krannitz (1996) found that heliotropic flowers achieved 
warmer gynoecia, more insect visitors, and heavier 
seeds than conspecifics that were naturally nonhelio¬ 
tropic but merely pointed at the noon sun. In the Aus¬ 
trian Alps, Luzar and Gottsberger (2001) found tem¬ 
perature elevations within five different bowl-shaped 
plants (two Ranunculus, plus Pulsatilla, Callianthe- 
mum, and Leucanthemopsis ), with the heliotropism 
having demonstrable effects on visit frequencies and 
residence times for Ranunculus montanus. Kudo 
(1995) found a mean temperature elevation of 5.5°C in 
the heliotropic spring ephemeral Adonis ramosa (Ra- 
nunculaceae), again with higher visit frequency in the 
most heliotropic flowers. Most spectacularly, in the 


high arctic of northern Greenland, heliotropism con¬ 
tinued throughout the 24 hours of a midsummer day in 
Papaver radicatum (Mplgaard 1989); furthermore, 
yellow flowers achieved higher temperatures (6.5°C at 
the ovary) than white ones (5.1°C), with the yellow 
morph also increasing in frequency with altitude. 

A few plants (especially Asteraceae) from cold 
high-altitude zones in Ecuador have nodding heads, 
which serve the dual purposes of protecting the repro¬ 
ductive structures from rain and snow and also gather¬ 
ing reflected radiation from the substratum, leading to 
raised intrafloral temperatures (Sklenar 1999). 

The various mechanisms to increase floral temper¬ 
atures can also be enhanced by having rather well-in¬ 
sulated flowers, a classic case being the edelweiss of 
the European Alps ( Leontopodium , plate 34A), polli¬ 
nated mainly by flies attracted to its rather odd honey- 
plus-sweat odor (Erhardt 1993). A number of other 
arctic and alpine flowers have rather woolly calyces or 
(less often) petals. Kevan (1990) reported denser pu¬ 
bescence and warmer temperatures in pistillate catkins 
of Salix arctica compared with the (smaller) staminate 
catkins. 

Gentians are interesting alpines in this context, as 
some species show an ability to close the flowers over¬ 
night in response to cooling temperatures, as well as 
using a second more permanent type of closure in di¬ 
rect response to being pollinated (He et al. 2005). In 
the latter case the closed flowers are often retained on 
the plant for some time to add to the display effects, 
which also supports the point made above about ele¬ 
vated floral longevity. 

Pollinators Need to Keep Warm 

The issue of the pollinators keeping warm is strongly 
linked to the previous section, since any flower that is 
keeping as warm as possible for increased ovule devel¬ 
opment is also providing a warm spot for a pollinator, 
and that warmth may become part of its attraction (see 
chapter 9). This can be critical for small ectothermic 
flies that would otherwise rarely be warm enough to 
fly, but even endothermic bees will take advantage of 
the warmth in flowers by basking there, and thus save 
a little on their own warm-up costs. 

Keeping warm will always be costly for a pollinator 
in cold weather, however. Flowers growing at higher 
(hence cooler) latitudes therefore also secrete more 


596 • Chapter 27 


nectar than the same species at lower latitudes (Hein¬ 
rich and Raven 1972), because the energy demands of 
their pollinators are greater. For example, Hocking 
(1968) recorded eight out of ten species producing 
more sugar per day at 82°N than at 57°N in Canada. 

The question remains as to whether pollinators 
functioning in cold habitats have any special thermo¬ 
regulatory abilities, and as yet there are no indications 
of this (although the larger body sizes of bees will 
help). Heinrich and Vogt (1993) found that queen 
bumblebees in the Arctic did have higher abdominal 
temperatures than temperate species, but there were no 
differences for workers or drones, suggesting that the 
differences may have had more to do with egg matura¬ 
tion than with flower visiting. 

Special Problems of Pollination in Mountains 

Mountains occur in all continents and in a wide range 
of forms, both as long mountain chains and as rela¬ 
tively isolated peaks. Elevation has effects on tempera¬ 
ture, pressure, and oxygen availability. In mountain 
ranges daily average temperatures are reduced by 
about 1°C for every 150 m of altitude, and this effect is 
roughly similar at all latitudes. Thus even tropical 
mountain ranges sitting astride the equator can be 
snow covered and are profoundly cold at night even 
though highly irradiated by day, these diurnal cycles of 
extreme heat and cold being accentuated during the 
dry season. In more temperate latitudes, mountain 
ranges may show a lesser diurnal temperature range 
but a very drastic seasonal variation, so that temperate 
mountain ranges such as the Alps and Rockies have an 
extremely variable snowline. 

Montane habitats suffer from many of the same 
problems as high-latitude zones, but with more drastic 
temperature changes between night and day, and high 
exposure to winds and cloud. Soils are usually very 
thin and nutrient depleted, so there may be resource 
limitations on plant reproduction even in summer 
(Munoz et al. 2005). Many alpine plants are reported 
to be pollen limited, often severely so (e.g. Kudo and 
Kasagi 2005 with Phyllodoce ), but in some cases even 
when this is demonstrated by increased seed set fol¬ 
lowing hand-pollination the final seed set remains low. 
For example, in Chuquiraga from the Andes, maxi¬ 
mum seed set was only 5%-6% (Munoz and Arroyo 
2006), suggesting limitation from abiotic resources; 


and in Ranunculus acris higher-altitude plants did not 
achieve greater seed set when hand-pollinated, al¬ 
though lower-altitude populations did (Totland 2001), 
the latter also normally receiving three times higher 
muscid fly visitation. 

Vegetational patterns at altitude parallel those with 
latitude but may show the same sequences compressed 
into a much smaller linear dimension. The lower slopes 
may have deciduous forest, then chaparral or grass¬ 
land blends into coniferous forest, above which is a 
distinct treeline; higher again there may be regions of 
shrubby vegetation including ericaceous plants, sages 
and junipers, with some thinning grass, then bare rock 
with lichens. The snowline in winter descends down¬ 
ward through these successive tiers of vegetation. But 
the actual vegetation on any particular mountain range 
is very variable with continent and latitude, so that it is 
hard to generalize beyond this. In addition, mountain 
ranges have often acted as refugia and as centers of 
isolation at different times in their history, so that many 
of them have unique combinations of flora. 

At low latitudes, montane floras are often particu¬ 
larly unusual, coping with temperature extremes and 
drought; many plants are large relative to their lowland 
relatives, with “giant” herbs appearing on several Afri¬ 
can mountains, where their foliage may help to ame¬ 
liorate microclimatic conditions for their own repro¬ 
ductive structures as well as for pollinators. The fauna 
can be dominated by birds and bees as in the lowland 
forests, but at the higher elevations the bee fauna di¬ 
minishes and birds become more important (Cruden 
1972). In the high Andean forests, 13 hummingbird 
species were identified as key pollinators of 29 plants, 
forming three subcommunities within which there 
were strong associations of floral nectar supply and the 
birds’ energetic needs in terms of molting, reproduc¬ 
tion, and migrations (Gutierrez et al. 2004). On Mt. 
Kenya, close to the equator, insects are rare as flower 
visitors in the higher vegetation systems, and the large 
Lobelia telekii inflorescences are mainly pollinated 
by the territorial sunbird Nectarinia johnstoni (Evans 
1996). 

At higher latitudes the montane pollinating fauna 
tends to be dominated by flies and by bees, although 
the balance between these varies; in general, once 
again bees diminish in importance with altitude (Pri- 
mack 1983; Warren et al. 1988), but tend to increase in 
size (Malo and Baonza 2002). In the Andes, bee pol¬ 
lination is dominant at most altitudes (Arroyo et al. 
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1982), but with fly pollination increasing closest to the 
snowline. In Australian mountains fly pollination is 
most important, although around 30% of the flora is 
bee pollinated (Inouye and Pyke 1988). The fly polli¬ 
nators may not be especially effective though; in Nor¬ 
wegian mountains, Totland (1993) showed that Ra¬ 
nunculus acris was visited mainly by higher flies 
(muscids, anthomyids), and on average a flower got 
visited only once every 40-120 minutes in daylight, a 
single fly visit resulting in eventual production of a 
mean of 5.3 seeds, about 18% of the maximum 
possible. 

By far the majority of studies have focused on the 
Rockies, where pollinator abundance varies with ele¬ 
vation (Macior 1974). So too does plant species diver¬ 
sity: Moldenke (1975) recorded reduced numbers of 
bee-pollinated species in Californian mountain habi¬ 
tats, and Pleasants (1977) reported about 20 bumble- 
bee-pollinated species at 3000 m, and only 7 at 4000 
m. Hence the average number of plant species in a par¬ 
ticular bee-visited guild also decreased. More specifi¬ 
cally, Pleasants reported that the pattern of guilds 
changed at altitude, with larger guilds of short-tongued 
bumblebee plants (eight species in this guild) com¬ 
pared to long-tongued bumblebee plants (just four). 
This was probably because short-tongued bees are 
more speciose anyway and are a resource that can be 
more finely subdivided; hence the plant species in this 
guild tend to be more specialist, including some pol¬ 
len-only flowers. A similar pattern of proportional de¬ 
creases in longer-corolla flowers was reported at alti¬ 
tude in northern Europe (Ranta et al. 1981). However, 
there may again be latitudinal difference here, as a 
specific analysis of altitudinal gradients in Spain (Malo 
and Baonza 2002) found significant increases in pol¬ 
linating insect body sizes with altitude, and an associ¬ 
ated increase in Cytisus flower size and corolla length, 
while overall pollination success decreased. 

Perhaps best known of all montane plants is the al¬ 
pine sky pilot Polemonium viscosum, reviewed in Ga¬ 
len (1996). It is widespread above the treeline in the 
Rockies, with altitudinal clinal variations in corolla 
size, color, and fragrance, all tending to increase its 
showiness at higher elevations. For example, corolla 
width increased about 12% from just above the tree¬ 
line to the uppermost tundra-like elevations (Galen 
et al. 1987). Larger flowers also produced more nectar 
and more pollen grains. At the highest levels (around 
4000 m), 75% of visits and 90% of seed set were 


Bumblebees Q Solitary Bees 
3 Syrphid flies Q Muscoid flies 



Figure 27.10 Seed set due to bumblebee visits in Polemonium visco¬ 
sum in cold montane zones in the Colorado Rockies, at altitudes of 
3520 m ( krummholz ) and at colder 3640 m (tundra). (Redrawn from 
Galen 1996.) 


attributable to bumblebees, while near the treeline 
smaller bees and many flies were more important, and 
Bombus achieved only 5% of visits and 50% of seed 
set (fig. 27.10). This suggests that bumblebees are the 
main selective driver for flower size and rewards, and 
supports rather efficient pollinator-mediated selection 
on floral traits (cf. Miller 1981; Armbruster 1985; and 
see chapter 20). 

A similar tendency to be more showy at altitude is 
reasonably common, despite the poor resources avail¬ 
able. This may explain why moderate high-elevation 
(alpine) habitats also have disproportionately high 
numbers of blue flowers visited by bees, whether in Eu¬ 
rope, the Rockies, or southeast Asia (Weevers 1952). 

Resource availability at altitude is further con¬ 
strained by a reliance on selfing as a safety net, generat¬ 
ing a strong need for resource allocation to maintenance 
and storage. Douglas (1981) studied the balance be¬ 
tween vegetative and sexual reproduction with altitude 
in Mimulus primuloides from California, and found 
vegetative output around 40%-56%, greatest at mid¬ 
elevations (around 2500 m); sexual reproduction, in 
contrast, was only 2%-4% at low and mid-heights but 
reached 14% at the uppermost site, where flower pro¬ 
duction appeared to be genetically fixed at a high rate, 
again giving a more showy display. Similar findings 
were reported for Heloniopsis (Kawano and Masuda 
1980). However, in Sedum there was less sexual effort 
at altitude (30%) than at lower elevations (55%) (Jobs 
1980), while a study of three ranunculaceous plants 
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Table 27.7 

Altitude Effects in Ranunculaceae Species 



Compatibility 

Changes at higher altitude 

Trollius 

ranunculoides 

Self-incompatible 

More pollen limited; smaller flowers, 
larger seeds 

Anemone rivularis 

Self-compatible 

Not pollen limited; lower carpel number, 
larger seeds 

Anemone 

obtusifolia 

Self-compatible 

Not pollen limited; higher carpel 
number, smaller seeds 

Source: After Zhao et al. 

2006. 



along an altitudinal gradient in Tibet, by Zhao et al. 
(2006), found different responses in each (table 27.7), 
with no consistent trend of decreased allocation to 
flowering or fruiting at altitude. It would be fair to con¬ 
clude that strategies vary markedly between plants. 

Again there are issues of mosaic populations along 
the snowmelt line, where flies and larger bees tend to 
be dominant. In Japanese mountains, at early-flowering 
sites overwintered queen bumblebees may be particu¬ 
larly important, with worker bees and flies only ap¬ 
pearing (but sometimes in very large numbers) a few 
days or weeks later. This could affect the genetic struc¬ 
ture of local populations, with early-flowering plants 
receiving fewer pollen donors but setting more seeds 
per fruit (Kudo 2006), while some later-flowering in¬ 
dividuals suffered excessive selling, perhaps from 
competitively scrabbling flies working on the flowers 
and moving only very short distances between visits. 
Similarly, the plants could diverge in their mating sys¬ 
tem over very short distances due to competitive ef¬ 
fects. For two species of Pliyllodoce, Kudo and Kasagi 
(2005) showed that at early-flowering sites P. caerulea 
was favored over P. aleutica and the latter showed 
moderate levels of autonomous self-pollination; where¬ 
as at later-flowering sites P. caerulea was at its pheno- 
logical limit and produced few flowers, thus being out- 
competed for pollinators by P. aleutica plants, which 
were then obligate outcrossers. 

Puterbaugh (1998) explored ants as flower visitors 
in three alpine plant species, showing effective ant pol¬ 
lination in gynodioecious Paronychia pulvinata, ant 
herbivory occurring on Eritrichium, and very little ef¬ 
fect on Oreoxis. He suggested that in each case ants 
could be influencing the breeding system of the plants. 


In fact, ants may be more important at altitude than 
elsewhere (paralleling the effect at high latitudes al¬ 
ready referred to) as other pollinators decline in 
abundance. 


Potential Problems with Clobal 
Warming in Colder Climates 

Having noted that both the plants and the animals in 
high-latitude-high-altitude zones may take special 
precautions to keep warm, and given that the effects of 
climate change are likely to be especially strong in 
such zones, it is not hard to predict that pollination in¬ 
teractions might be greatly at risk there. High-latitude 
zones are susceptible to larger temperature changes, 
and montane zones are likely to lose snow cover and 
suffer a very marked seasonal alteration to plant growth 
regimes. Price and Waser (1998) therefore assessed 
the effects of warming (using artificial heaters) on 
alpine meadow communities in the Rockies. All ten 
species studied showed advanced flowering date, but 
no effects on duration of flowering or fruiting, or on 
community structure (Price and Waser 2000). Howev¬ 
er, at some arctic sites rapid changes of plant distribu¬ 
tion and abundance have been recorded at warmed 
sites (e.g., Hobbie and Chapin 1998), suggesting that 
different factors are limiting at different sites (notably 
soil nutrients and soil moisture as affected by the 
artificial warming). Lambrecht et al. (2007) more spe¬ 
cifically reported different effects on flowering rate 
and total reproductive effort in each of four subalpine 
species studied, suggesting that overall responses in 
communities will be very complex. Much longer-term 
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studies, including effects on the insect pollinators, are 
needed. 


5. Pollination on Islands 

Islands have always attracted attention for evolution¬ 
ary studies, and the well-known theory of island bio¬ 
geography (MacArthur and Wilson 1967) made spe¬ 
cific predictions about biodiversity and ecological 
characteristics for island biota that are particularly 
easy to test with plants. Plant-animal interactions, and 
plant breeding systems, are likely to differ on islands 
with limited numbers of species present (Barrett 1996). 
Islands are also very useful places to study the effects 
of naturally occurring changes of pollinator on the 
evolution of floral traits, and island pollination has 
therefore attracted much attention. Volcanic islands 
provide even better natural laboratories, where inter¬ 
actions may be disrupted suddenly and regularly over 
a short evolutionary timespan. 

Cox and Elmqvist (2000) specifically discussed pol¬ 
linator extinction in Pacific islands, pointing out that 
island floras may be highly vulnerable to invasive in¬ 
troductions because there may be no parasites or herbi¬ 
vores to control the aliens, and because native endemic 
plants with inevitably small populations and often low 
genetic diversity may be more susceptible to extinc¬ 
tion anyway. Island floras have generally also evolved 
obligate outcrossing, and are thus unusually reliant on 
the available pollinators (e.g., Sakai et al. 1995). 

Pollinator Paucity and Pollinator Switching 

Island biogeography theory predicts that islands will 
have floral and faunal diversities related to their size 
and to their distance from other land masses; in gen¬ 
eral, they are expected to have relatively few species. 
Numbers of potential pollinating species will inevita¬ 
bly be low, and some groups are likely to be entirely 
absent. Thus, for example, the Galapagos Islands have 
just one native bee and two native butterflies; and the 
number of hummingbird species on Caribbean islands 
is always low and is roughly related to the size of each 
island (e.g., Feinsinger et al. 1985). 

Pollinator limitation is therefore likely to be com¬ 
mon. On Kent Island in the boreal Bay of Fundy (Can¬ 
ada), five out of seven plant species tested were strong¬ 


ly pollinator limited (Wheelwright et al. 2006). In small 
islands off eastern Spain larger populations of Daucus 
were pollinator limited, the main visitors being Erista- 
lis flies migrating in from the mainland (Perez-Banon 
et al. 2007), and the local plant subspecies had appar¬ 
ently responded to this with extended floral longevity 
and stigma receptivity, plus a change in nectar produc¬ 
tion in the male-phase flowers. 

Switching to different pollinators, or to more gener¬ 
alist traits, might therefore be quite common. On Puer¬ 
to Rico, the cactus Pilosocereus royenii has apparently 
relaxed some of the bat syndrome traits found in con¬ 
geners on other Caribbean islands, and it received very 
few bat visits, instead being effectively pollinated by 
carpenter bees (Rivera-Marchand and Ackerman 2006). 
In the Canary Islands several endemic species now 
show bird-pollinated traits, seemingly inheriting these 
traits from mainland relatives, and are visited by pas¬ 
serines (Valido et al. 2004). But ornithophily has prob¬ 
ably arisen de novo in Echium wildpretii, which has 
two subspecies, the pink-flowered bee-visited E. wild¬ 
pretii trichosiphon on La Palma, and a red bird-visited 
version (E. wildpretii wildpretii ) on Tenerife. Dupont 
et al. (2004) found that the Canarian bird-visited flow¬ 
ers had hexose-rich nectars while those persisting with 
insect pollination retained sucrose-rich nectars, sug¬ 
gesting a rapid evolution of nectar traits (but see chap¬ 
ter 8 for some problems with the ascription of hexose 
preferences to birds). 

On the most remote oceanic islands, switches 
sometimes involve the appearance of particularly spe¬ 
cialist interactions, so that in Samoa the introduced 
kapok tree Ceiba (normally visited by a wide range of 
animals including moths and small bats) is exclusively 
pollinated by the flying fox (a very large pteropid bat), 
with individuals vigorously defending small territories 
around the rich resource provided and keeping away 
all other visitors (Elmqvist et al. 1992). 

Switching may extend to the use of unusual taxa as 
pollinators, especially for certain groups that do well 
under reduced predation regimes; for example, lizards 
are often particularly abundant and may become useful 
as pollinators (Olesen and Valido 2003; chapter 17). 

Limited Dispersal 

Because islands are small and self-contained, there 
will normally be lower levels of pollen movement, and 
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a greater potential for inbreeding, so that inbreeding 
depression becomes a potential problem. This can be 
aggravated because many plant taxa will have arrived 
from a single invasion event and so are rather closely 
related from the start (Silvertown 2004). 

But on rare occasions it is also possible to get in- 
breeding euphoria, as seen in silverswords on Hawaii 
and tarweeds on Californian offshore islands (Baldwin 
2007), where there is extensive radiation following is¬ 
land colonization by a self-incompatible ancestor, with 
high interfertility in offspring and rapid ecological di¬ 
versification (see also Price and Wagner 2004). 

Selfing as a Solution 

Self-compatibility in island plants is commonly more 
prevalent than in mainland plants (Stebbins 1957; 
Cox 1989), so that autogamy is rather frequent (e.g.. 
Wheelwright et al. 2006). There may be at least two 
reasons for this. First, immigration and invasion 
by self-incompatible species would require at least 
two individuals to arrive, whereas a single propagule 
from a self-compatible species could survive. And sec¬ 
ond, pollinator paucity may make self-compatibility 
advisable. 

For similar reasons, the breaking down of SI sys¬ 
tems in island populations has been reported (e.g., 
Strid 1970; McMullen 1987), including the loss of 
heterostyly (Barrett and Shore 1987; and Barrett and 
Husband 1990 for Turnera and Eichhornia species). 
Figure 27.11 compares heterostyly, and the effects of 
its loss, in populations of Eichhornia from Brazil and 
from Jamaica. 


High Levels of Dioecy and 
Mixed Mating Systems 

High levels of dioecy appear to be characteristic of is¬ 
land plants (see table 3.7), especially where those is¬ 
lands are particularly isolated; this is presumed to help 
avoid inbreeding. Charles worth’s arguments on why 
plants revert to dioecy (chapter 3, section 3, Benefits of 
Crossing and Selfing in Plants) may be relevant here: 
she maintains that when a plant is free from the con¬ 
straint of attracting bees, and therefore does not have 
to contain pollen as a reward, it can use smaller, cheap¬ 
er, and unisexual flowers. 


Brazil (mean 6.75) Jamaica (mean 41.6) 



Figure 27.11 Effects of higher selfing rates in island Jamaican popula¬ 
tions of Eichhornia where trimorphic heterostyly has largely broken 
down, compared with mainland Brazil where it remains common 
along with dimorphic and monomorphic plants; there are much 
higher percentages of abnormal development on the island. 
(Redrawn from Barrett et al. 1989.) 


However, being dioecious could be especially dif¬ 
ficult on islands where the fauna is relatively low in 
species; this situation may favor the presence of a few 
“supergeneralists” (see below). 

Mixed mating systems may also be favored where 
self-incompatibility breaks down but there are too few 
pollinators to give enough outcrossing. There have 
been several attempts at modeling whether mixed mat¬ 
ing systems can become stable on islands (see Inoue et 
al. 1996), especially relating to the likely variability of 
pollinator availability between years. 

Effects of Introductions 

Since islands are enclosed limited habitats, introduced 
species either of flowering plants or of pollinating ani¬ 
mals may have more substantial effects on endemic 
species. For example, introduced honeybees in Mauri¬ 
tius are affecting endemic nectarivorous birds, mainly 
by lowering the standing crop of nectar on some of 
their preferred tree species, so that birds such as the 
local white-eyes stop feeding earlier in the morning 
(Hansen et al. 2002). Rats may have led to the extinc¬ 
tion of a pollinating parrot in Polynesia, and bumble¬ 
bees are producing potentially deleterious effects in 
New Zealand (see also chapter 29). 
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Effects of Volcanic Activity 

Many islands are volcanic, and eruptions can produce 
sudden devastation of an environment followed by 
gradual recovery, providing unparalleled opportunities 
to study the evolution of interactions. Abe and Hase- 
gawa (2008) studied Camellia pollination by Zoster- 
ops on a Japanese island following an eruption in 
2000, and noted that in the most damaged areas the 
plants suffered reduced foliage and flower production, 
and lower pollinator density, but achieved higher pol¬ 
lination rates due to raised pollen transfer efficiency 
among the fewer flowers. However, fruit abortion was 
also higher, so that overall fruit set rates and reproduc¬ 
tive success were similar in damaged and undamaged 
areas. These kinds of compensatory mechanisms may 
be common where the vulcanism does not entirely 
wipe out plants and pollinators. Furthermore, and on a 
longer time scale, recovery after such wipeouts may 
also involve some compensatory effects as new plant 
growth benefits from increased soil fertility. 

Specialization and Generalization on Islands 

Adaptive radiations on isolated islands are a classic 
scenario, where ancestral colonists evolve largely 
without competition and eventually speciate into vari¬ 
ous available niches. Coevolutionary radiations of 
plants and pollinators might therefore be expected to 
yield unusual levels of specialization, and Olesen and 
Jordano (2002) did report higher levels of plant spe¬ 
cialization on islands, which they presumed to be as¬ 
sociated with the impoverished fauna of potential pol¬ 
linators. However, in other contexts island plants are 
often asserted to be rather generalist (e.g., Barrett 
1996). For example on Chiloe Island in southern Chile 
Smith-Ramirez et al. (2005) studied 26 plant species 
over three years, recording 172 “pollinator” (visitor) 
species and an average of 6.6 pollen vectors per plant 
species, the animals visiting on average 15.2 plant spe¬ 
cies. Some specialized bee-pollinated vines and hum¬ 
mingbird-pollinated gesneriads existed, but overall the 
flora was deemed rather generalist. 

The apparent inconsistency here probably relates 
mainly to the different uses of the term “specialized” 
(see chapter 20), since island plants may be special¬ 
ized in the sense of using rather few visitors but unspe¬ 
cialized in that they use whatever visitors are avail¬ 


able. Olesen et al. (2002) suggested that islands may 
therefore often have a few endemic supergeneralists 
with very broad networking, responding to the low in¬ 
terspecific competition and often high species’ abun¬ 
dances found there. Aliens that invade may also act as 
supergeneralists and weaken the native mutualisms 
(see Aizen et al. 2008). 

Specific Cases 

Galapagos Islands 

These islands have very low pollinator diversity, with 
only one bee ( Xylocopa darwinii) and only two native 
butterflies. The islands are home to many small, yellow 
and white, cup-shaped bowl or bellflowers, mostly with 
very little scent production, many of them primarily 
autogamous; and to wind-pollinated catkin types (Mc¬ 
Mullen 1987, 1990, 1993). For example, a member of 
the Boraginaceae ( Tournefortia rufo-sericea) has com¬ 
pletely atypical small white flowers, visited by ants in 
daylight and by some beetles and moths at night, but 
appears to be largely autogamous in practice (McMul¬ 
len 2007). Likewise, the endemic Ipomaea habeliana 
is effectively pollinated nocturnally by a hawkmoth, 
but shows substantial autonomous or facilitated autog¬ 
amy (McMullen 2009). Goosefoots and dropseeds oc¬ 
cur widely on beaches, using wind or self-pollination. 
The prickly pear cactus is visited not by bees as else¬ 
where but by the cactus finch Geospiza (one of Dar¬ 
win’s finches) with an appropriately modified beak. 

New Zealand 

On these two large islands, the native biota lacks many 
angiosperm and insect groups found routinely else¬ 
where, and the native flowers (about 80% endemic) 
are strongly dominated by rather dull white generalist 
forms, with flies, small moths, and beetles visiting; 
there are just a few bee- and bird-pollinated examples 
(visited mainly by bellbirds and tuis), and no native 
butterfly flowers. But the biota is now highly modified 
by introductions (so that a recent Flora lists more 
aliens than natives), and this has led to a highly modi¬ 
fied pollination ecology across the various habitats 
within the islands. 

Very high levels of unisexual flowers occur as na¬ 
tives in New Zealand (Webb et al. 1999) with many 
gynodioecious and dioecious species recorded, often 
with male-biased sex ratios (Webb and Lloyd 1980). 
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The Charlesworth theory may in part explain the high 
levels of dioecy in the New Zealand floras, where spe¬ 
cialist bee pollinators were absent until introduced by 
the European incomers. Self-compatibility is around 
64% in species so far tested (Newstrom and Robertson 
2005), not as high as was previously assumed; al¬ 
though as elsewhere it is lower in trees and shrubs 
(-20%) than in herbs (-80%). 

Several endemic plants have declined markedly, 
and in some cases this is due to pollinator paucity. For 
example, native mistletoes ( Peraxilla species) are se¬ 
verely reduced in abundance; this is related to poor 
pollen receipt (Robertson, Kelly et al. 1999), a service 
largely provided by native bellbirds. Robertson et al. 
(2005) reported that short-tongued bees could be rea¬ 
sonably effective as alternative pollinators. But in 
practice imported bumblebees are posing a threat in 
New Zealand; this issue of introduced pollinators is 
covered in more detail in chapter 29. 

Hawaii 

The Hawaiian islands, with differing sizes and ages of 
land mass resulting from progressive volcanic activity 
across a “hot spot,” provide an excellent testing ground 
for theories in ecology generally, and no less so for 
pollination ecologists. 

Once again high levels of dioecy have been record¬ 
ed (Bawa 1982; Baker and Cox 1984; Sakai et al. 

1995) , including cryptic dioecy (Mayer and Charles- 
worth 1991). Mixed mating systems are also rather 
common (e.g.. Sun and Ganders 1988; Weller et al. 
1998). As regards pollinators, paucity is again the rule; 
only six hawkmoths and two butterflies occur, and 
overall only 15% of insect families are present (Barrett 

1996) . However, the co-radiations of honeycreepers 
and lobelioids are well known (see Lunau 2004), each 
group probably deriving from a single ancestral spe¬ 
cies, each radiating widely (now with about 30 and 60 
species each) and coevolving respectively into closely 
matched curved-beak birds and curved corollas, rang¬ 
ing from 15 to 85 mm in length. 

Again, though, extinctions and introductions have 
somewhat muddied the waters. It is worth recalling the 
ieie story from chapter 11, where a plant persists only 
because pollination has been taken over by an intro¬ 
duced white-eye, after the local bird pollinators went 
extinct (Cox 1983). The lobelioid cardinal flowers 
have also suffered, and only 27% of the 273 recorded 
species and varieties have big enough populations not 
to be under threat of extinction, a quarter having van¬ 


ished in the last hundred years and another 20% now 
being rare or endangered. Two particularly rare spe¬ 
cies have been recorded as receiving zero visits by any 
honeycreepers, which are assumed to be the “proper” 
pollinator; Cory (1984) saw only some hawkmoths, 
some Hylaeus (colletid) bees, and many Apis, and he 
showed that both plants were capable of selfing now. 
But then Smith et al. (1995) examined museum speci¬ 
mens of one local honeycreeper called the i’iwi ( Ves¬ 
ta ria coccinea) and noted that its bill used to be signifi¬ 
cantly longer, while contemporary notes revealed that 
it had fed at the lobelioids. Nowadays it is very rare 
and feeds mainly on shorter-tubed flowers, especially 
Metrosideros, all of which suggests that the birds have 
had to shift from the disappearing long-corolla or long- 
spurred species to the remaining shorter ones, so expe¬ 
riencing directional selection for shorter bills. Many 
other Hawaiian birds are thought to be close to extinc¬ 
tion, and several species of Campanulaceae formerly 
visited by birds are now extinct, as are many species of 
bee and moth plants (Cox and Elmqvist 2000). 

Madagascar 

The large island of Madagascar, off the coast of East 
Africa but with a geological connection to the Indian 
mainland, has remarkably high endemism in both fau¬ 
na and flora. The number of bee species is rather low, 
with only 1-2 species in most genera, except for one 
unusual genus Pachymelus that has radiated more sub¬ 
stantially. There is a high diversity of hawkmoth pol¬ 
lination in forests, with some unusually complex inter¬ 
actions between the sphingids and the angraecoid 
orchids, and there is also some lemur pollination (see 
chapter 17). Both these effects are perhaps linked to a 
relative scarcity of bats (Sussman and Raven 1978). 
Unfortunately, all these phenomena are under extreme 
threat from deforestation and soil erosion over large 
parts of the island. 

There are indications that the island’s plants do rely 
on a rather low number of pollinator species and expe¬ 
rience low visit rates. For example, Farwig et al. (2004) 
studied Commiphora and found around 1 and 0.2 vis¬ 
its per hour to male and female flowers, respectively, 
and similar effects occur with Dalechampia. This lat¬ 
ter genus is particularly well documented in Madagas¬ 
car, with a range of different rewards and pollination 
types (chapter 20) and with reversion in at least three 
instances to more generalized pollen-feeding insect 
visitors and away from very specialized resin-produc¬ 
ing flowers (Armbruster and Baldwin 1998). Another 
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Table 27.8 

Campanula Outcross Pollination Patterns on 
Japanese Offshore Islands 



Distance to 

mainland 

(km) 

Outcrossing 

rates 

Mainland 

0 

0.64-0.79 

Islands 

01-02 

~25 

0.63-0.76 

T1 

~32 

0.54 

N1-N2 

~40 

0.46-0.56 

K1 

~50 

0.37 

Ml 

~80 

0.16 

H1-H3 

-200 

0.17-0.25 


Source: Based on Inoue and Kawahara 1990. 


example is provided by 13 endemic species of Masaola 
trees (Bignoniaceae) occurring sympatrically across 
the island, with low visitation rates but marked spe¬ 
cialization of visitors (few species being visited by 
more than two pollinator groups), and separated by 
morphological differences, vertical stratification, phe- 
nological stagger, and differing flowering displays and 
durations (Zjhra 2008). 

Faroe Islands 

These islands provide a useful contrast to most of the 
others that have been studied because of their extreme 
isolation and their oceanic climate, with cool wet 
cloudy conditions even in summer. Not surprisingly, 
perhaps, self-pollination dominates (Hagerup 1951). 

Izu and Ogasawara Islands, japan 
These islands form a chain separated from mainland 
Honshu, and have recently attracted several studies. 
Campanula punctata occurs as an island version 
(whether species or variety is still unclear) that has 
smaller flowers, more flowers per plant, and later flow¬ 
ering (Inoue et al. 1996). The islands furthest from the 
mainland had the lowest levels of SI in this plant. Out- 
crossing rates declined from the mainland (by more 
than 80%) down the island chain to the outlier islands 
(table 27.8). Pollen-to-ovule ratios also declined, and 
flowers had a longer initial male phase before their 
styles elongated. Pollinator diversity decreased pro¬ 
gressively along the chain, especially the diversity of 
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Figure 27.12 (A) and (B) Frequency of visits by Bombus and various 
solitary bees to Campanula flowers on Japanese islands at successive 
distances offshore. (Redrawn from data in Inoue 1993.) 


longer-tongued types, so that the Campanula flowers 
were mostly visited by Bombus on the mainland but by 
much smaller and shorter-tongued halictids on the 
outer islands (fig. 27.12). 

Rhododendron species on these islands again had 
lower SI levels where they were more distant from the 
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mainland (Inoue 1993); and high levels of cryptic di- 
oecy have been documented for several other genera 
(e.g., Kawakubo 1990). 

Florida Keys 

Spears (1987) compared one island (Sea Horse Key), 
5 miles offshore, with mainland Florida, looking espe¬ 
cially at Opuntia and at a perennial legume vine Cen- 
trosema. The island Opuntia flowers received only 
25%-35% as many bee visits as those on the main¬ 
land, and no visits from Apis, which was absent from 
this key. Bees carried pollen for significantly shorter 
distances on the island and seed set was very low, es¬ 
pecially for the legume. 


Overview of Island Pollination 

Many effects have been documented, largely support¬ 
ing the effects of island size and of distance to main¬ 
land predicted by island biogeography theory. But in 
addition several mainland-island comparisons show 
very clearly that plant reproductive strategies and 
plant-pollinator relationships can change drastically 
and rather rapidly when the pollinator community 
changes (Linhart and Feinsinger 1980), and this 
may also carry a wider message about the feasibility 
of fast and focused selection in plant-pollinator 
interactions. 


Chapter 28 

THE POLLINATION OF CROPS 


Outline 

1. Food Crop Types Needing Animal Pollination 

2. Finding out Who Really Are the Pollinators 

3. Case Studies: Examples of Specific Pollinators 

4. General Approaches to Encouraging 
Pollination 

5. Problems with Hybrid Crops, Seed Crops, and 
Crop Breeding 

6. Overview 


The importance of bee pollination to crops has been 
well known for at least two millennia, and several an¬ 
cient civilizations cultivated honeybees or stingless 
bees in wooden or pottery hives. Likewise, humans 
have attempted to improve crop productivity for mil¬ 
lennia, first by selecting the plants with the more desir¬ 
able traits but latterly using plant breeding and hybrid¬ 
ization techniques, whether at the whole-plant level or 
more directly at the genetic level. Today there is a crit¬ 
ically important applied aspect to pollination ecology, 
and much room for improvement in our knowledge of 
what makes a good pollinator for different kinds of 
crops, of how to manage the crop, or the pollinator 
population, or the environment, and hence of how to 
aid pollination and seed set. The solutions are often to 
be found in the field, and expensive biotechnology 
should normally be the last resort. 

Klein et al. (2007) provided a review of the pollina¬ 
tion needs of crops (table 28.1) showing that numeri¬ 
cally the large majority of important crops, including 
those directly eaten by humans, do need animal polli¬ 
nation—although in terms of production volumes such 


crops are in the minority because most staple cereals 
are wind pollinated. But note that there are differing 
absolute and relative needs for pollination. First, some 
zoophilous crops need cross-pollination to achieve any 
seed set, while for others it is not an absolute require¬ 
ment but does result in improved seed or fruit quality, 
or uniformity, or number (hence the various levels of 
“dependence” in the table). Growers nearly always 
wish to improve their yields and quality and so regard 
animal pollinators as crucial as long as their provision 
or management is cost effective. Second, in some in¬ 
stances the main requirement of a grower (or more 
usually now of an agro-industrial company) is manag¬ 
ing a crop to produce the next generation of seeds, and 
here the needs can be quite different and often conflict¬ 
ing with respect to pollination, especially for hybrid 
crops. Third, management of crops with unusual mat¬ 
ing systems is generally difficult; dioecy in particular 
is problematic because pollinating agents are essential 
but may not be sufficiently reliable in monocultures or 
greenhouses, etc. Thus while dioecy is ancestral in 
certain crops (for example, grapes and hemp) it has 
been bred out of most cultivars. 

Wind-pollinated crops, including the cereals (wheat, 
rice, maize, barley, rye, oats, sorghum, millet), are not 
usually in need of any particular management. How¬ 
ever, there has been controversy over the pollination of 
some other key crops such as brassicas; for example, it 
has only recently been shown how important both bees 
(Hayter and Cresswell 2006) and hoverflies (Jauker 
and Wolters 2008) are (relative to wind) for Brassica 
napus (oilseed rape). Furthermore, many wind-polli¬ 
nated trees are dioecious, and where they are grown 
commercially the sex ratios need to be managed; an 
example is the date palm (Phoenix dactylifera), usu¬ 
ally grown with one male tree to many females, where 
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Table 28.1 

Pollination Needs of the Principal World Crops 



Number of 

crops 

Crops eaten 
by humans 

Production 

volumes 

Requiring animal pollination 

87 


35% 

Essential 


13 


Strongly dependent 


30 


Moderately dependent 


27 


Slightly dependent 


21 


Unimportant 


7 


Unknown 


9 

5% 

Not animal pollinated 

28 


60% 


the ripe male inflorescences are cut off and one is tied 
into each female tree. 

Some crop plants readily self-pollinate, even where 
their precultivation ancestors were clearly outcross¬ 
ing; the pea ( Pisum sativum ) is a classic example. 
Other crops that can self nevertheless benefit from 
crossing, both by avoiding the longer-term drawbacks 
of inbreeding depression and by increasing their prac¬ 
tical yield at harvest time through early and well- 
synchronized seed set. And many plants that can self 
still produce better quality fruits if cross-pollinated. 

1. Food Crop Types Needing 
Animal Pollination 

Roubik (1995) recorded that at least 800 cultivated 
plants worldwide rely on animal pollinators; about 
73% of these are pollinated by various bees, 19% by 
flies, 6% by bats, 5% by wasps, 5% by beetles, 4% by 
birds, and 4% by lepidopterans. For Europe and other 
temperate zones, the figure for all crops relying on ani¬ 
mal (insect) pollination may be closer to 84%. Further 
directories and reviews of crop pollination can be 
found in Crane and Walker (1984), Free (1993), and 
Delaplane and Mayer (2000). A listing of key crops is 
shown in table 28.2. 

From such lists it is evident that the term “animal- 
pollinated crops” nearly always means bee-pollinated 
crops, especially in temperate growing areas, where 
Apis is often strongly dominant. The US Department 
of Agriculture (USDA) records only honeybees as pol¬ 


linators, and assumes that they provide 80% of the pol¬ 
lination services in the United States, the rest being 
recorded simply as “other pollinators.” In fact just 
seven crops in the United States are recorded as polli¬ 
nated mainly by wild native insects rather than Apis — 
blueberry, cacao, cardamom, cashew, cranberry, man¬ 
go, and squash. Another 18 major North American 
crops depend partly on wild species of bee. 

Across the temperate zones, crops often or ideally 
pollinated by bees other than Apis include many le¬ 
gumes used both as human food and as animal forage. 
Red clover is a forage crop needing insect pollination 
(primarily effected by bumblebees), as also is lucerne 
(alfalfa), pollinated mainly by Nomia and Megachile 
bees in the United States and by Melitta in Europe, but 
which can be pollinated (less well) by Apis if neces¬ 
sary. Crops that are pollen-only are almost inevitably 
linked with bees, but often better served by non -Apis 
types; for example, the solitary eucerine bee Pepona- 
pis is an important pollinator of cucurbits in the United 
States, and has a seasonal emergence and flight period 
closely tied in with the anthesis of pumpkins (Willis 
and Kevan 1995). Kiwifruit and pomegranate are also 
pollen-only plants to which bee activity is tightly 
structured. Tomato flowers are self-fertile and nectar¬ 
less but buzz-pollinated, so the crops normally need 
bees to disturb the flowers and move pollen out of the 
anthers. When tomatoes are grown outside in Califor¬ 
nia, Anthophora bees work well, while in the plant’s 
native Peru halictid bees are important (Rick 1950). In 
greenhouses tomato pollination can be achieved by 
tapping the plants or using commercial vibrators, but it 






Table 28.2 

Main Pollinators of Principal Crops 
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Pollinator 

Crops 

Wind 

Wheat, oats, rice, maize, rye, barley, sorghum, olive, walnut, 
pistachio 

Wind and some 

small insects 

Sugar beet, spinach, date 

Fly 

Taro, cocoa 

Beetle 

Oil palm 

Wasp 

Fig 

Fly, bee 

Carrot, onion, lettuce, currant, pepper, tea, yam 

Bee 

Peanut, potato, cassava, sugarcane, soybean, beans, cowpea, 
pigeonpea, chickpea, lentil, cotton, rape, melon, almond, 
tomato, cabbage, cucurbits, citrus, pear, apple, peach, plum, 
strawberry, raspberry, apricot, cherry, cardamom, coffee 

Bee, fly, bat 

Coconut, avocado, mango 

Bee, bird, bat 

Banana 

Bird 

Pineapple 

Bat 

Durian, agave 


is now common to introduce nests of bumblebees (Ei- 
jnde et al. 1991), or of native Amegilla bees in Austra¬ 
lia (Hogendoorn et al. 2007). Bumblebees are also of¬ 
ten used with strawberries where these are grown 
under glass or in polytunnels, although the evidence 
that they do much good is equivocal at least for some 
habitats. Stingless bees such as Melipona are currently 
under investigation for beneficial greenhouse use with 
some crops such as sweet pepper (e.g., Cruz et al. 
2005). Stingless bees are already recognized as key 
pollinators of 9 crops (mainly nuts and fruits, includ¬ 
ing macadamia, mango, and coconut) and partial pol¬ 
linators of another 20 (Heard 1999). 

Some foods found widely in western human diets 
use non-bee pollinators at least in part. Carrots will 
regularly be pollinated by short-tongued bees ( Halic- 
tus, Lasioglossum, Apis), although also by hoverflies 
and some sphecid wasps (Hawthorn et al. 1956). Some 
crucifers (cabbages and Brussels sprouts) are effec¬ 
tively pollinated by bumblebees, but both Apis and 
blowflies ( Calliphora ) can also do the job less well 
(Faulkner 1962). Avocado, which is self-fertile but 
cannot self-pollinate because of timing effects (chap¬ 
ter 3), is now usually pollinated by Apis (Afik et al. 
2007) but seems to have been pollinated by flies ances¬ 
trally. From a worldwide perspective, the most impor¬ 


tant examples of pollination by animals other than 
bees are mangoes, cacao, papaya, pomegranate, some 
onions, and some umbels like parsnip and carrot. Bird- 
pollinated crops (at least in part) may include papaya 
and okra, and bat pollination is important in durian 
and some other favored Asian fruits. 

It can be readily calculated that despite the excep¬ 
tions given above about one-third of all human food is 
derived from bee-pollinated crops. Bees can be stag¬ 
geringly effective; for example, just 100 Apis foragers 
can ensure acceptable fruit set in 1 ha of a commercial 
apple orchard in about 5 hours on a good sunny day. 
Total values of crop pollination in the United States 
have been suggested as $20-$40 billion annually. The 
value of honeybees was estimated at $5—$ 14 billion 
annually for 63 US crops (Kremen et al. 2002), and in 
Europe at around €4 billion for 177 crops (Carreck 
and Williams 1998). But an alternative approach us¬ 
ing cost-of-replacement economic models indicated 
that these were probably substantial undervaluations 
(Allsopp et al. 2008). Estimates of the total commer¬ 
cial value of pollination services worldwide have been 
attempted (e.g., Costanza et al. 1997) and have given 
somewhat controversial figures of $120-$200 billion 
per annum; a more recent bio-economic survey for 
100 key crops (Gallai et al. 2009) produced a figure of 
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€153 billion, with vegetables and fruits each contribut¬ 
ing about €50 billion of this total. Consistent agreed 
approaches and methods are badly needed, but there 
can be absolutely no doubt that the financial value of 
pollination is enormous. 

2. Finding out Who Really Are 
the Pollinators 

It should be evident on the basis of earlier chapters that 
one cannot know what will be a good pollinator sim¬ 
ply by looking at a flower. There may be some very 
clear clues from its appearance, but even then selective 
breeding may have altered key features (morphology, 
scent, rewards) and changed the original plant beyond 
recognition (to an observing human, or indeed to a po¬ 
tential visitor). Yet hard evidence of pollination effec¬ 
tiveness is critical in a commercial world. Ideally, a 
fairly standard set of tests should be applied: 

1. Does the plant need cross-pollination at all, or is 
seed set or fruit quality improved by pollination? Stan¬ 
dard tests will use bagging or cages to exclude pollina¬ 
tors, and hand-pollination with self- or cross-pollen, 
determining relative yields and qualities. 

2. If cross-pollination is essential or at least benefi¬ 
cial, then what actually visits the flowers? This can 
best be assessed by observation, including observa¬ 
tions of visitors’ behaviors; trapping adjacent to the 
flowering crop is perhaps easier, but this may yield 
many different genera (and even orders) some of which 
are just herbivores or predators and may not visit the 
flowers, or if they do so may still not be pollinators. 

3. When is pollen available at the particular site? 
There is a need to assess timing and synchrony of de¬ 
hiscence from direct observation of anthers, and also 
rate of removal of pollen if possible. 

4. When are particular visitors active? This requires 
observation throughout the day (sometimes also the 
night) and all through the flowering period. Only those 
visitors coming to the flowers when pollen is naturally 
abundant and undepleted could have much effect. 
(And only those coming when nectar is abundant and 
collectable in terms of concentration are likely to be 
coevolved pollinators.) 


5. Which visitors actually gather pollen, and which 
carry it on their bodies? Visitors can be caught as they 
leave flowers and examined for pollen quantity and 
placement (excluding that already packaged into the 
scopa of bees). 

6. Which visitors deposit pollen successfully on a 
flower’s stigmas? This requires observations of num¬ 
bers of pollen grains on a stigma after single visits by 
known visitors to previously unvisited (bagged or oth¬ 
erwise protected) flowers. 

7. Which visitors deposit pollen at times when 
the stigma is receptive? This is rather difficult to mea¬ 
sure, as estimations of receptivity are not easy (see 
chapter 7). 

8. Which visitors deposit viable pollen? (i.e., do so 
fairly quickly before it has dried out or lost its germi¬ 
nation ability—again rather difficult to measure di¬ 
rectly, but it can be estimated from the next two 
observations). 

9. Which visitors are flower-constant enough to de¬ 
posit sufficient conspecific pollen reliably and repeat¬ 
edly? This requires observation of visiting patterns 
among mixed vegetation (e.g., at the edge of the crop 
and into adjacent hedgerows) and/or assessment of 
pollen loads as in (5) to detect mixed species and 
nonconstancy. 

10. Which visitors move around enough for the pol¬ 
len to be from a nonself source? For a tree or bush 
crop, this may mean movements between plants after 
just a few flower visits per plant, but in many mon¬ 
oculture crops this is complicated by extremely high 
relatedness in the source seeds or by clonal effects in 
some soft fruits. 

The list is long and similar to that required for estab¬ 
lishment of pollinator effectiveness for less applied 
studies (see chapter 11). The importance of each stage 
will vary with the particular crop, but a large number 
of studies on crop pollination do miss out many of 
these key components, which can sometimes result in 
less than sensible advice about the usefulness of par¬ 
ticular species as pollinators. However, if most aspects 
are assessed then enough should be known about the 
biology of the recommended pollinator to find ways of 
encouraging its presence and activity. 


Table 28.3 

British Crops by Flower Type Categories 
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Numbers 


Pollination type 



Crop type 

Annual 

Perennial 

Allophilous 

Hemiphilous 

Hemi/Euphilous 

Euphilous 

Main families 

Forage crops 

8 

5 

0 

0 

3 

10 

Fabaceae, Brassicaceae 

Vegetables 

9 

14 

5 

6 

3 

9 

Brassicaceae, Apiaceae, 
Asteraceae 

Soft fruits 

0 

9 

0 

4 

3 

2 

Rosaceae 

Tree fruits 

0 

7 

0 

7 

0 

0 

Rosaceae 

Oilseeds 

4 

0 

0 

0 

2 

2 

Brassicaceae, Fabaceae 

Herbs 

0 

8 

1 

1 

0 

6 

Lamiaceae 


Source: Modified from Corbet 2006. 


Clearly, the gathering of the information described 
above is often beyond the scope of a crop grower, and 
attempts have been made to simplify protocols or to 
offer clear guidelines on likely pollination types. Cor¬ 
bet (2006) offered an example of the latter approach. 
Her typological system (see chapter 20) was used to 
explore the relations between flower type, crop type, 
and plant family, and thus the pollination type to be 
expected, for the commonest crops grown in Britain 
(see table 28.3). 

Using her terminology, most of the herbs and forage 
crops are deemed euphilous and require pollinators of 
the eutropous type (larger, longer-tongued, endother¬ 
mic bees), while most of the fruits are from the family 
Rosaceae and are hemiphilous, flowering early in the 
year and requiring hemitropous pollinators (smaller 
and shorter-tongued bees, hoverflies, some butterflies). 
Vegetables are the most diverse group, including Api- 
aceae, Asteraceae, and some brassicas, and with a range 
of different requirements. Corbet also pointed out that 
the already well-documented declines in the eutropous 
insect groups (native bumblebees and some solitary 
bees) would be more serious for crop growers were it 
not for the ubiquitous generalist honeybee, which can 
visit many flower types reasonably effectively. 

3. Case Studies: Examples of Specific 
Pollinators 

This section picks out a selection of examples that il¬ 
lustrate particular problems of crop productivity or 


crop management, from plants grown intensively or 
on a small and local scale, and in a wide range of 
habitats. 


Alfalfa 

Alfalfa (Medicago sativa ) is the most important forage 
legume in many temperate countries, grown for im¬ 
mediate pasturing and for hay. It is the main forage 
crop in the United States and covers the second largest 
acreage (after soybean). The flower is showy and zy- 
gomorphic, with the typical legume tripping system, 
and it produces large nectar quantities highly accept¬ 
able to bees. Selfing is possible in most cultivars, but 
crossing increases seed production. 

Many bees are regular and enthusiastic visitors, and 
honeybees routinely work the crops. In many cultivars, 
though, a large majority of Apis visits that are purely 
for nectar collection do not result in tripping. This led 
to several enormous breeding projects to try and match 
commercial alfalfa strains to honeybees: clones were 
bred with improved aroma and easier tripping, to en¬ 
courage honeybee visits (Erickson 1983), and bee 
strains that visited mainly for pollen were also selected 
(Estes et al. 1983), although this led to reduced honey 
yield and was unpopular with beekeepers. 

Leaf-cutting bees proved to be excellent pollinators 
in Canadian sites in the 1940s, and fields that were too 
large suffered pollination deficits in their centers be¬ 
cause the flowers were too far away from field margins 
where these bees nested in dead wood and stems. So a 
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variety of solitary bees are now the preferred pollina¬ 
tors. Nomia and Megachile bees are most commonly 
used in the United States and Canada, and Melitta bees 
are sometimes used in Europe. Megachile rotundata is 
the favored North American species, and strains of this 
bee have been selected to fly at lower temperatures in 
northern parts of the United States (Free 1993). There 
have also been some attempts to produce alfalfa strains 
with higher nectar secretion rates to support these bees. 
At present the value of pollination for alfalfa seed 
growers is estimated as 35% of the total crop value, and 
for Canada this represents a figure of around $2 million 
annually for the services of Megachile bees. More de¬ 
tails of management of these bees are given in section 
4, General Approaches to Encouraging Pollination. 


Red Clover 

Trifolium pratense is regularly used as a forage crop 
and also as a green manure with the ability to increase 
nitrogen levels in soils. Its flowers have particularly 
long corollas, so that it needs long-tongued visitors, 
mainly the longer-tongued bumblebees. However, the 
short-tongued Bombus terrestris often visits the crop 
as a major primary nectar thief, with Apis then arriving 
as a secondary thief to exploit the holed corollas. To 
overcome these problems, attempts have been made 
to breed clover varieties with shorter corollas, and also 
to breed Apis strains with longer tongues (Free 1993). 


Carrot 

Carrot is an umbellifer ( Daucus carota, Apiaceae), and 
open-pollinated carrot cultivars are highly attractive to 
a wide variety of insects (bees, flies, wasps, beetles), 
although commercially the visits by Apis are always 
seen as most important. The flowers are self-fertile, but 
usually get cross-pollinated as the umbels are strongly 
protandrous, pollen dehiscing throughout one umbel 
before any stigmas become receptive. Successive “or¬ 
ders” of umbels open in nonoverlapping waves at 9-13 
day intervals (Erickson 1983; and see fig. 2.12), the 
first three orders producing around 90% of the seed. 

However, production of carrot hybrids has proved 
difficult; the flowers of seed parents are often very dif¬ 
ferent in character, and the resultant hybrids are less 
attractive to honeybees, commonly with poor overlap 
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Figure 28.1 Variations in concentration and volume of coffee nectar 
through the day. (Redrawn from Willmer and Stone 1989.) 


of pollen production and stigma receptivity. Moreover, 
honeybees readily learn to distinguish between culti¬ 
vars and to prefer those with better scent and more co¬ 
pious nectar flow, giving poor hybrid seed yields. 


Coffee 

Both highland (Cojfea arabica ) and lowland coffee 
(C. canephora ) can self-pollinate, but there is a sub¬ 
stantially better yield where native bees are abundant 
or where there are introduced bee populations (Roubik 
2002; Klein et al. 2003a,b,c). 

C. canephora was originally reported as self-sterile 
and predominantly wind pollinated, but later studies 
(Willmer and Stone 1989) showed that insects are cru¬ 
cial. The flowers (open just before dawn and lasting 
one day) are conspicuous, creamy white, and heavily 
scented, the coffee pollen grains 25-35pm and strongly 
sculpted. Allowing insect access produced an eightfold 
increase in pollen transfer, with most stigmas receiv¬ 
ing more than 50 pollen grains. Floral characteristics, 
especially the timing and volume of nectar per flower 
(fig. 28.1), suggested a fairly large and metabolically 
demanding pollinator. 

At sites in Papua New Guinea the leaf-cutter bee 
Megachile (Creightonella) frontalis (large, with a 
tongue length of 7-10 mm) was the regular visitor, 
completing 1 nest cell every 1-3 days almost exclu¬ 
sively stocked with coffee pollen. The bees averaged 
41 flights per day, of which 6-10 were matinal pollen 
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gathering (the rest for leaves as cell lining); stocking a 
male cell required 5.8 trips, while a larger female cell 
required 11.2 trips. One trip would require visits to 29 
flowers; thus in one day each bee visited an average of 
180-300 flowers and so would be a very effective pol¬ 
linator. However, bees returning to nests always car¬ 
ried other (leguminous) pollens on their thoraxes, and 
their crop contents averaged 40%-45% sugar concen¬ 
tration, markedly higher than that of matinal coffee 
nectar (20%). Thus females were visiting other plants 
for nectar; C. canephora nectar appeared to be non¬ 
ideal for this bee. Management strategies included en¬ 
couraging bee nests by maintaining earth drainage 
banks, retaining alternative nectar sources by leaving 
leguminous weeds and hedgerow plants in situ, and 
using insecticides only toward evening once the bees 
were inactive and the flowers were withering. 

In other countries, various different native bees pol¬ 
linate both this coffee species and the related C. ara- 
bica when either is introduced. In Costa Rica, Ricketts 
et al. (2004) showed that native bees coming in from 
adjacent rainforest were extremely important, the cof¬ 
fee bushes closest to the forest getting twice as many 
visits and 20% greater yield compared with flowers in 
the central plantation. Those authors estimated that bee 
pollination of the coffee was providing around $60,000 
annually to the farmer (whereas deforestation and cat¬ 
tle grazing in the same area might raise $24,000). 
Larger-scale studies in Ecuador showed an 800% in¬ 
crease in revenue to farmers when a fourfold increase 
in native social bee density occurred (Veddeler et al. 
2008). Studies in Indonesia (Priess et al. 2007) found 
that increasing loss of natural forest would reduce cof¬ 
fee yields by 18% within the next two decades; at pres¬ 
ent the forests are providing pollination services worth 
around $46 per hectare. Again, maintaining only a short 
distance between the crop and natural habitats and thus 
access to a reserve bank of native pollinators proved 
the key to crop success. Klein et al. (2003c) showed 
that overall bee diversity, especially that of solitary 
bees, was a key factor in enhancing coffee productivity 
in Indonesia, and it is evident that a whole range of 
medium-sized bees can be effective pollinators. 

Cotton 

Cotton production worldwide relies on two main spe¬ 
cies, long staple ( Gossypium barbadense) and short 


staple (G. hirsutum). These differ markedly in flower 
form, the first being yellow with maroon markings, 
with abundant nectar and orange pollen, the second 
having cream flowers, low nectar volumes, and yellow 
pollen. There have been many attempted hybridiza¬ 
tions between these since the 1890s, often giving 
marked hybrid vigor, but the hybrids are difficult to 
maintain because of high self-fertility in the species. 
Interspecific hybrids were first grown commercially in 
India in the 1970s, with seed produced by hand emas¬ 
culation and pollination, but of such quality in terms of 
cotton boll size that it proved a worthwhile investment. 
Intraspecific hybrids are now widespread, aided by the 
development of male-sterile lines, but these rarely 
reach the same productivity as the Indian interspecific 
crosses. 

Adequate pollination remains a problem where hy¬ 
brid seed production is the goal. Bumblebees are use¬ 
ful pollinators in the eastern United States, and various 
Anthophora, Melissodes , and Apis species are reason¬ 
ably effective in other parts of the world. Honeybees 
are usually seen as the answer in large commercial 
plantings, but unfortunately vary widely in their be¬ 
havior on different cultivars, often ignoring cotton pol¬ 
len even when surrounded by acres of it and even 
grooming it off their bodies. Very intensive import of 
hives has been necessary to overcome these problems; 
for example, the use of 900 colonies to get adequate 
pollination in 1000 acres of cotton in California. This 
strategy is often regarded as worthwhile because hon¬ 
eybees do generally improve the quality of the lint ob¬ 
tained even if they do not greatly affect seed weight or 
lint weight (Rhodes 2002). 

In practice, the solution to cotton pollination is like¬ 
ly to vary in each growing region, with a range of wild 
bees and some wasps being effective visitors. 

Passion Fruit 

Passiflorci edulis has a complex flower structure (see 
fig. 11.1 and plate 5A) and in particular the nectaries 
are tightly enclosed by a stout lid; relatively few ani¬ 
mals can access the nectar, these including larger and 
strongly built bees ( Xylocopa, Ptiloglossd) and some 
birds (hummingbirds, bananaquits). Carpenter bees 
are the dominant and best pollinator in most sites in 
America and Asia. P. edulis was studied as an intro¬ 
duced crop in St. Vincent in the Caribbean, where only 
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the local carpenter bee could feed on the nectar at all, 
visiting the flowers regularly at times when anthers 
were dehiscing (Corbet and Willmer 1981). This bee 
was a good pollen transfer agent, fitting neatly under 
the pendant anthers to get large pollen loads on its 
back. However, on return to its nest each bee regurgi¬ 
tated some of the Passiflora nectar and evaporated it 
on its tongue (tongue-lashing; chapter 10) before de¬ 
livering the more concentrated product into its nest. 
Each bee also scraped most of the pollen off its back 
and dumped it outside the nest; it collected most of its 
pollen from a leguminous weed instead. Clearly there 
was not a closely coevolved interaction of this plant 
and this bee, but the net effect was good pollination of 
the flowers. Here, management included increasing 
dead log availability as nest sites and encouraging the 
weed as a pollen source. 

In other sites, passion fruit has proved problematic 
for pollination in East Africa when grown as a large 
commercial enterprise, although successful nearby in 
smallholdings where pollinator populations had re¬ 
mained intact. Similar problems occurred in Brazil, 
where carpenter bees are too rare and hand-pollination 
has often been used. To improve local populations of 
carpenter bees, the provision of drilled wooden boards 
can be beneficial (Gerling et al. 1989; and see Roubik 
1995). 

Cardamom 

This spice (a relative of ginger) is native to the Western 
Ghats area of India but introduced in many Asian sites. 
The normal and effective pollinators in India are sup¬ 
posed to be the local Apis (A. cerana and A. dorsatd). 
In Papua New Guinea (Stone and Willmer 1989b) only 
A. mellifera was abundant, and was assumed by the 
grower to be the pollinator. Apis did indeed visit rea¬ 
sonably effectively, but the flowers were getting much 
better service from a native solitary Amegilla bee. This 
was especially true at less disturbed upland sites, 
where native bees were much more abundant. Hence 
the strategy needed was not to import more Apis hives 
but to encourage growth of native bee populations with 
earth banks and wild hedgerows. In fact, Sinu and Shi- 
vanna (2007) indicated that even in India Apis are 
mainly robbers and Bombus are the effective pollina¬ 
tors of larger cardamom, so that widespread import of 
honeybee hives would be particularly inadvisable. 


Raspberry 

Raspberries (Rubus idaeus) can be selfed and do not 
have an absolute need for insects. But the fruit quality, 
in terms of numbers of drupelets per fruit, is greatly 
improved by insect visitors; fruits are less likely to be 
deformed and are of about 50% greater weight after 
periods of insect visits. Raspberry flowers are open 
cup shaped in design, so nectar is freely exposed to a 
range of visitors, yet the nectar in modern cultivars is 
produced unusually copiously and stays liquid even on 
warm days; often 10-50 pi are present, where most 
temperate flowers have less than 1 pi. Thus insects find 
the flowers especially rewarding in terms of both nec¬ 
tar reward and pollen availability. 

Most early studies of raspberry concentrated on 
Apis mellifera, and some showed very low visit fre¬ 
quencies from other bees. However, bumblebees and 
some solitary bees do visit raspberry flowers quite 
commonly. Willmer, Bataw et al. (1994) found that 
bumblebees were in several respects much better pol¬ 
linators of raspberry in Scotland: they were more abun¬ 
dant overall (about 60% of all flower visits) and more 
frequently present in the early mornings when pollen 
peaked in young flowers; they preferred and selected 
younger flowers more effectively than honeybees, they 
carried significantly more pollen on their bodies and 
deposited significantly more on stigmas per visit, and 
they visited more flowers per minute than honeybees. 

Raspberry is traditionally best grown in areas with 
relatively cool summers, with the largest acreages in 
northeast Europe and Canada, so that the importance 
of non-A pis bees as pollinators for this crop may be a 
rather common phenomenon. 

Oil Palm 

Oil palm ( Elaeis guineensis ) is unusual in being a mo¬ 
noecious crop, and it is commercially important as a 
source of oil used in soap, margarine, etc. In its native 
habitats in West Africa, levels of pollination are high 
(traditionally assumed to be by wind) and hence fruit 
set is good. But when it was exported to southeast Asia 
yields were much lower, and in Malaysia performance 
was especially poor in newer plantations where wind 
speeds were higher (Syed 1979), and only by using 
hand-pollination could a useful yield be obtained. 
Something seemed wrong here. 
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Pollination of oil palm in Africa has subsequently 
been shown to be aided by small beetles (weevils, now 
named Elaeiobius), both male and female inflores¬ 
cences attracting many hundreds of visits by their 
scent, produced continuously in males and in short 
pulsed bursts in females, so that the beetles stay main¬ 
ly in males and move to females periodically, well 
coated in pollen. They also disturb the pollen out of 
the anthers so that it can then become wind-borne. But 
the only effective flower visitors in Malaysian planta¬ 
tions were a nocturnal moth and some thrips, neither 
of which responded to the scents or moved pollen ef¬ 
fectively. The beetle was therefore introduced to the 
Malay Peninsula in 1981, where it established well, 
and has since been taken on to Thailand, New Guinea, 
etc. Yields have risen to West African levels, with no 
apparent side effects (Greathead 1983; Hussein et al. 
1991), and Malaysia and Indonesia are now the most 
important world producers of palm oil. 

Orchard Fruits 

Apples and pears ( Malus, Pyrus) and plums and cher¬ 
ries ( Primus ) are all important fruit crops in temperate 
zones and share features with several important nut 
crops such as almonds. They have typically open her¬ 
maphrodite flowers and are usually self-incompatible; 
they are grown as vegetatively propagated trees, so 
that growers commonly need to have two different cul- 
tivars in an orchard, one (in the minority) often serving 
mainly as the pollinizer (reviewed by Free 1993). Bees 
are widely regarded as the most important pollinators, 
but early midges and fungus gnats, some higher flies 
(bibionids, muscids), and also flower beetles (Nitiduli- 
dae) occur regularly on the flowers. Use of Apis in or¬ 
chards is common practice, in both Europe (A. mellif- 
era) and parts of Asia (A. me II if era or A. cerana ), the 
growers either having their own hives or renting them 
from beekeepers or government agencies. Growers of¬ 
ten also put out sugar water, which helps balance the 
supplies of “nectar” and pollen, so that the bees get 
sufficient nectar rather easily and will then forage more 
for pollen on the fruit trees. Keeping the trees small by 
using dwarfing rootstocks is also helpful, as bees then 
need to go to at least two trees per trip. Honeybees may 
also cross-transfer pollen within the hive, and so will 
effectively move pollen from trees they have not them¬ 
selves visited (deGrandi-Hoffman et al. 1984, 1986). 


However, in the United Kingdom it is Andrena spe¬ 
cies and Osmia rufa that are the best pollinators in 
most conditions, the flowers appearing in early to late 
springtime; only in poor weather do honeybees per¬ 
form better. Apis visit twice as many flowers per min¬ 
ute, but Andrena carry more available pollen. In colder 
areas such as Nova Scotia, Apis is rare and Andrena, 
Halictus, and Lasioglossum are almost the only polli¬ 
nators, while in Norway these same three genera are 
joined by some bumblebees. Bombus is recognized to 
be especially useful on longer-styled apple and plum 
cultivars; Thomson and Goodell (2001) showed that 
Bombus and Apis removed similar amounts of pollen 
per visit but that Bombus deposited far more on 
stigmas. 

In Japan (and sometimes in the United States) hand- 
pollination is used, the pollen being mixed with inert 
powders and sprayed onto flowers, and there were 
early attempts to fully mechanize this process (Ohno 
1963). Wild Osmia bees are being used now, as a more 
economical solution. In Japan O. cornifrons is favored, 
but is replaced by O. lignaria in US orchards and by 
O. cornuta in Europe (Maccagnani et al. 2007). Spe¬ 
cies with lower-temperature thresholds are preferred 
(Bosch and Kemp 2001) as they cope better with the 
cold spring temperatures at flowering time, and nest 
boxes are in use that can be closed during crop-spray¬ 
ing periods to protect the bees. 

Squash and Other Cucurbits 

Squash, pumpkin, and gourd are important crops in 
more arid areas, especially in southwestern areas of the 
United States. The solitary gourd bee Peponapis pru- 
inosa is the major pollinator of squash; it mainly visits 
male flowers, whereas Apis mainly goes to the female 
flowers for nectar and moves much less pollen. Pep¬ 
onapis also starts foraging much earlier in the morn¬ 
ing. For gourds in the Sonoran Desert, Xenoglossa 
squash bees are similarly more effective, full seed set 
needing 3.3 Apis visits but only 1.3 Xenoglossa visits. 
For cucumbers, bumblebees performed better in every 
respect (earlier starting time, more visits per minute, 
equal or greater pollen deposition) than did honeybees 
(Stanghellini et al. 2002). In general, on all these crops, 
the native bees prove to be better in timing of their 
visits, better in moving pollen, and better in spreading 
it more widely. And they show higher fidelity, focusing 
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their attentions only on Cucurbita and Cucumis, often 
resting and mating in the flowers. Simulations indicate 
that native bees would provide sufficient pollination 
service on at least 90% of watermelon farms in the 
United States if honeybees were removed from the 
system (Winfree et al. 2007). 

Agave 

Agave plants are cultivated as a source for the produc¬ 
tion of the alcoholic drinks tequila and mescal in Mex¬ 
ico, and also as an important source of fiber; they are 
pollinated by bats but normally die after reproducing, 
so the flowering stalks are removed soon after they 
have formed and commercial reproduction is from 
vegetative bulbils. However, this has resulted in very 
low genetic diversity in the Mexican crops (Gil-Vega 
et al. 2001), which have become very susceptible to 
fungus and root diseases. Recent breeding has reverted 
to using pollinators to try and restore some genetic di¬ 
versity, and some of the resultant new strains are cur¬ 
rently under trial. 

Cocoa 

Theobroma cacao is grown extensively for chocolate 
production in South and Central America and in West 
Africa, and it is pollinated by small midges (Young 
1985). It can sometimes suffer poor pollination, and 
problems that were identified at different sites includ¬ 
ed attacks against flies from various aggressive ants, 
and overcleanliness in plantations so that there were 
insufficient clumps of rotting vegetation or small pud¬ 
dles for the midges to breed in (e.g., Ismail and Ibra¬ 
him 1986). 

Some Crops with Current Problems 

Durian ( Durio zibethinus), a commercially important 
fruit crop in Thailand and Malaysia, has flowers that 
open nocturnally and are functional for just a few 
hours (Honsho et al. 2007). They are pollinated by 
bats, especially Eonycteris (Start and Marshall 1976; 
though other species of Durio in Sarawak are polli¬ 
nated by nectariniid sunbirds and large bees (Yumoto 
2000) with bats playing only a minor role). The duri¬ 


an-pollinating bats feed at mangroves when durians 
are not in flower, and serious problems arose when 
mangroves were destroyed for land reclamation, etc. 
Around the Batu caves near Kuala Lumpur, the mining 
of limestone was stopped because it would remove the 
home roosts of essential bats (Pye 1983). However, the 
durian industry remains under threat from loss of man¬ 
groves and also from sport-related or bushmeat killing 
of bats. Similar problems are occurring in production 
of the lesser-known bat-pollinated fruits petia and 
jambu. 

Vanilla ( V. planifolia ) is an orchid normally polli¬ 
nated in its homeland by Melipona bees, but it is wide¬ 
ly grown in other areas where appropriate stingless 
bees are absent and often achieves no natural pollina¬ 
tion. In Madagascar and elsewhere, where it is a very 
important cash crop, it is pollinated by hand (plate 
36D, but often using boys to climb trees), the rostel- 
lum being moved aside and the anther and stigma be¬ 
ing pressed together to produce selling. 

Melon farms in the United States have suffered pol¬ 
lination problems when there is too little natural habi¬ 
tat nearby (Kremen et al. 2002), because the most im¬ 
portant bee pollinators have tended to become locally 
extinct and are not adequately substituted by more 
generalist or less habitat-sensitive species. 

Soursop ( Annona muricata) is a fruit grown quite 
widely in Brazil and pollinated by small beetles, which 
also use the flowers as food and as mating sites. In or¬ 
chards the beetles tend to be too rare, and laborious 
hand-pollination has often had to be used. In a few 
sites it has been shown that too much ploughing and 
excessive use of herbicides have eliminated most of 
the short grass, on whose roots the pollinator’s larvae 
normally feed, so that replacement of ploughing and 
spraying with regular grass mowing can restore good 
pollination (Aguiar et al. 2000). 

4. General Approaches to 
Encouraging Pollination 

Moving in Pollinators Artificially 

The first approach in the recent past, when poor pol¬ 
lination seemed to be a problem, has nearly always 
been to import a bee; Bosch and Kemp (2002) dis¬ 
cussed the protocol of developing a bee species as a 
crop pollinator, especially in orchards. 
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Figure 28.2 Variations in bee abundances in 
Israel over a 15-year period, with introduced 
Bombus increasing and several key solitary gen¬ 
era decreasing. (Pers. comm. Amots Dafni and 
Simon Potts.) 



Most commonly, import has involved hives of hon¬ 
eybees, since they are seen as such good supergeneral¬ 
ist pollinators, able to tackle most flowers, and are eas¬ 
ily managed by experienced beekeepers. They can also 
be used to spread an inoculum of microbial control 
agents to flowers and so control certain pests or dis¬ 
eases; for example, carrying streptomycin powder in 
Canadian orchards to prevent fireblight (Arnason, in 
Akerberg and Crane 1966). This topic is increasingly 
being explored for biotechnological agriculture (Al- 
Mazra’awi et al. 2007; Carreck et al. 2007). For many 
kinds of orchards use of Apis is now common practice, 
and import of hives into arable fields or areas of mixed 
horticulture is also becoming widespread. While often 
useful and effective, and a quick short-term fix, it is 
clear that Apis is not always the best answer for the 
crop. 

The use of other bees is less common, although it is 
now possible to buy small quantities of various soli¬ 
tary bees in artificial nest tubes in many countries, of¬ 
ten for use in gardens (plate 35E). On a larger agricul¬ 
tural scale, import of bumblebee nests has recently 
become commonplace, especially for greenhouse 
crops such as tomato. Bombus terrestris nests (plate 
35D) are now routinely introduced and managed sea¬ 
sonally for improved pollination (Ruijter 1997), and 
the bees show tight temporal patterns of pollen gather¬ 
ing (e.g., Banda and Paxton 1991; Morandin et al. 
2001). Initial work with entire (“queen-right”) colo¬ 
nies has now been largely superseded by the use of 
worker-only colonies, following some problems with 
escaping queens that were either producing local pop¬ 


ulation explosions (e.g., in Israel in the 1990s, where 
Bombus is not native; Dafni and Shmida 1996; see fig. 
28.2) or interacting with and changing the genetic 
makeup of local bumblebees in Europe. With the new 
precautions, commercial bumblebee nests are poten¬ 
tially useful for other buzz-pollinated crops too, such 
as kiwi ( Actinidia ), blueberries, and cranberries, and 
they are also in regular use with polytunnel strawber¬ 
ries. It may be possible to manage imported bees and 
their behaviors with the use of bee pheromones 
(Pankiw et al. 1998), and increasingly there have been 
attempts to employ genetic selection for Apis strains 
with better pollen-gathering and pollen-hoarding be¬ 
haviors (Page and Fondrk 1995). 

But there is a need for very careful controls in man¬ 
aging bees in these fashions. If hives or nests of non¬ 
native species are imported, they can outcompete other 
insects and in the longer term damage native bee popu¬ 
lations (Paton 1993; Gross 2001). Some solitary bees 
have also proved surprisingly invasive when intro¬ 
duced; for example, Megachile and Anthidium species 
have on occasions extended their ranges from intro¬ 
duction sites remarkably rapidly (e.g.. Miller et al. 
2003). Importation of honeybees or any other exotic 
pollinators to an area should surely be the strategy of 
last resort in future. More sustainable approaches are 
needed, especially given the current threats to honey¬ 
bee health and productivity (chapter 29). 

Most importantly, though, importation of any bees 
can be inappropriate and simply unnecessary. Kremen 
et al. (2002) reported that native bee communities can 
achieve a full pollination service even for demanding 
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crops such as watermelon without the intervention 
of managed hives, as long as the land is farmed sym¬ 
pathetically and is reasonably adjacent to patches 
of natural habitat. This free service is destroyed by 
degrading the natural landscape and reducing bee 
diversity. 

Artificial Pollen Applications 

The use of artificial pollen application is another short¬ 
term possibility, where local pollinators are unavail¬ 
able or honeybees are ineffective. Fruit set can some¬ 
times be supplemented by applying extra pollen that 
bears an electrostatic charge (see chapter 7), whether 
for wind-pollinated or insect-pollinated crops. This 
method uses the same techniques as exist for applying 
powders or tiny droplets in agriculture. Once pollen 
is collected it can be charged by induction while 
suspended in liquid, or by friction, or by use of high- 
voltage electrodes (see Vaknin et al. 2000). Various tri¬ 
als with pollen blowers incorporating a charging noz¬ 
zle have shown improved pollen deposition on stigmas 
compared with uncharged pollens. Larch ( Larix ) flow¬ 
ers received three times their normal pollen load and a 
moderate increase in seed set (Philippe and Baldet 
1997), while Bechar et al. (1999) showed increments 
in fruit set in commercial dates, with similar results 
reported for almonds and pistachios (Vaknin et al. 
2001 , 2002 ). 

Encouraging and Managing Native 
or Specific Pollinators 

The general issue of supporting native pollinators is 
taken up in detail in chapter 29. But there are several 
ways of helping native (or sometimes introduced) pol¬ 
linator populations to increase in number, or of ma¬ 
nipulating them to concentrate their efforts in particu¬ 
lar areas. 

1. Supplying or maintaining the substrates that pro¬ 
vide nest sites can be very helpful. This may involve 
leaving undisturbed areas of bare well-drained ground 
for many solitary bees, dry posts or logs for Xylocopa 
(Israel, West Indies), mud slurries for Chalicodoma 
(Arizona), or sandy or earth banks for various ground 


nesters. Leaving some carrion for pollinating beetles 
and flies is useful, and of course leaving alone the 
roost sites of birds and the roost caves of bats can be 
absolutely essential in certain ecosystems. More spe¬ 
cifically, artificial nest holes can be provided, in the 
form of stacks of drinking straws, or cardboard tubes, 
or drilled bricks for many solitary bees (see plate 35F). 
Even more complicated techniques are used routinely 
with Megachile, Osmia, or Nomia for alfalfa crops 
(United States, Europe, and New Zealand). “Megachi- 
leculture” is now a big business routine in parts of 
North America (e.g., Bosch and Kemp 2005). Nomia 
is used more locally by preference, being native to the 
Great Basin area of the United States and known as the 
alkali bee because it nests around the alkaline soils and 
seeps that surround the occasional natural springs in 
the desert. It is an excellent pollinator of alfalfa, clo¬ 
ver, and mints, and is encouraged to nest in managed 
bee beds adjacent to all these crops (and also for celery 
and onion). The bees normally nest shallowly, so farm¬ 
ers dig out a shallow trough and line it, cover it with 
gravels, sands, topsoil, and some salt, with concrete 
piping to irrigate above the lining so that water rises 
upward, as in natural alkali seeps. They inoculate the 
bee bed with a plug of nest-containing soil from an¬ 
other site (which will include pupae) and provide some 
shading to control temperatures. But despite careful 
management there have been problems; in some sea¬ 
sons the bee numbers have been reduced by pesticide 
spraying ( Nomia is more susceptible than Apis) or by 
unusually long summer rains leading to mold growth 
and disease in the beds. 

2. Providing specific forage plants as part of nor¬ 
mal crop rotation patterns is also desirable. Crops such 
as clovers benefit the soil but also support bees and 
some longer-tongued flies. Supplying other specific 
flowers can be useful in some contexts, for example 
where bees use the crop flowers for nectar but require 
another plant for pollen, or vice versa ( Xylocopa in the 
Caribbean, or leaf-cutter bees on coffee in Papua New 
Guinea). 

3. Providing the specific host plants for the larval 
stages of butterflies, moths, and some beetles are es¬ 
sential. These may be common weeds such as nettles 
and bedstraws, or occasionally more unusual and rare 
hosts such as milkweeds or passionflowers. 
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For both of these last two issues, the plants can be 
provided as part of the very general strategy of en¬ 
hancing and increasing hedgerows and held margins 
(see chapter 29). 

Managing the Crops 

Turning to the crops themselves, there are further steps 
that can be useful in encouraging good pollination. 

1. Polyculture is helpful: avoiding huge areas of 
monoculture is desirable for many reasons. In particu¬ 
lar, extensive areas of wind-pollinated plants not only 
eliminate all possible bee habitats but also block pol¬ 
linator movements through the habitat by providing no 
feeding corridors. 

2. The intercropping of two or more crops together 
has benefits; traditionally used for pest control and 
even for improved yield, suitable intercrops can also 
favor some pollinators. Certain flowering crops are es¬ 
pecially good for encouraging hoverflies (both as pol¬ 
linators and as aphid controllers) and for supporting 
native bees. 

3. Getting a suitable crop microenvironment can 
also be useful, as insects have to be able to hy and for¬ 
age at the right times and places for the plant and its 
flowers. Planting a crop at the best elevation and as¬ 
pect and with the right spacing (and sometimes the 
best row direction when sowing) can help provide 
an ideal microclimate within the crop, so that insects 
can maintain their thermal and water balance more 
easily as well as moving between plants most 
effectively. 

4. Care with the development of hybrid crops is 
also necessary; simple morphological mismatches ap¬ 
pearing in the flowers are an obvious problem, but 
many other aspects may change that affect relations 
with the pollinators, and the levels of genetic diversity 
can also be problematic (see below). 

It is worth emphasizing here that many of the strat¬ 
egies outlined above are already very widely recog¬ 
nized as good practice for longer-term sustainability, 
and are being incorporated into national and interna¬ 
tional schemes to improve agri-environmental practice 


and favor growers who adopt environmentally friendly 
and pollinator-friendly practices. 

5. Problems with Hybrid Crops, 

Seed Crops, and Crop Breeding 

Rather few crops are grown nowadays where they are 
native; they have been dispersed around the world and 
tried out as foods and forage in many new countries. 
Likewise, rather few remain in their native state; they 
have been bred repeatedly for improved and useful 
characteristics—greater yield, better taste, ease of 
handling, etc. Plant breeding these days requires con¬ 
trolled pollination, and hybrids are often crossed man¬ 
ually, which often has to be at particular times of day 
if dehiscence is at specific times and pollen is short¬ 
lived. Chance unwanted crosses must be avoided, and 
the greenhouses where most plant breeding work is 
done are insect proofed, with individual flowers often 
protected additionally with paper or muslin bags. Self- 
ing is often prevented by emasculation of flowers (re¬ 
moving the anthers). For greater efficiency, pollen can 
be stored and sent to other breeders and other regions 
(e.g., Shivanna and Johri 1985). Most pollens last 
well, potentially weeks or months, but grass pollens 
(i.e., most cereals) are notoriously short-lived, often 
viable for only a few hours, sometimes only minutes 
(chapter 7). 

Most breeding programs aim to provide uniform 
seed, giving consistent growth in particular condi¬ 
tions. The best results often come from crossing two 
different uniform cultivars with hybrid vigor. Howev- 
er, the F t progeny are then highly variable and usually 
cannot be used, so that growers need to buy new seed 
from their suppliers each year. Furthermore, any plant 
when grown to provide a seed supply for the following 
year needs to avoid contamination from nearby differ¬ 
ent cultivars or from natural populations. For wind- 
pollinated plants, this is said to need separation of at 
least 15 m to get contamination below 1% (Bateman 
1974a) (but 1% may still seem to be too high). For in- 
sect-pollinated crops, the results vary; for crucifers 
such as turnip and radish, contamination can be re¬ 
duced below 1% with a separation of 50 m (Bateman 
1974b). Cresswell (2005) and Cresswell and Hoyle 
(2006) reviewed gene dispersal by pollinators and 
pointed out the many variables that can affect real gene 
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flow from a crop. Contamination for any crop can be 
reduced by incorporating barrier crops and by discard¬ 
ing the crop from the field perimeters, but a safety-first 
approach is always preferable. We should recall from 
chapter 18 that bees, especially social bees, may for¬ 
age many kilometers from their nests (see Pasquet et 
al. 2008). 

Over many centuries, humans have often selected 
their crop plants for their autogamous abilities or self¬ 
fertility. However, commercial hybrids producing con¬ 
sistent seeds are now crucial for many crops managed 
on an agro-industrial scale, so that selling has often 
had to be bred out again. In fact, where outcrossing 
crops were needed once more, there were numerous 
breeding failures initially, and this was often attributed 
to poor pollination (see Erickson 1983). Modern hy¬ 
brid seed production may depend on the production 
and use of male-sterile lines, but these are difficult to 
work with naturally in the field as bees’ foraging be¬ 
haviors often change when confronted with such 
anomalies. 

Where good cross-pollination is essential in seed 
production systems, attempts have been made to im¬ 
prove entomophilous pollination in various ways: us¬ 
ing complex planting schemes, or importing large 
numbers of pollinators, or even trying to manipulate 
the foraging behavior of pollinators, for example by 
applying chemical attractants to a crop. There have 
been some successes: with orchard crops such as ap¬ 
ples, pears, and various nuts, where many varieties are 
self-incompatible, it pays off to interplant varieties 
with similar floral phenotype and phenology. But more 
often these options designed to improve pollination do 
not work well, taking too little account of the learning 
abilities of bees. For example, planting crops in alter¬ 
nating rows to get hybrid seeds has often failed to in¬ 
crease crossing because bees simply learn to work up 
and down one row; and using attractants fails as the 
bees quickly learn to negatively associate the new 
scent with the poor shape or rewards of the flowers 
they are being encouraged to visit. 

Plant breeders therefore are now well aware of the 
need to take into account the biology of flowers and 
the needs of pollinators. This can be very hard to 
achieve, as hybrid seeds often produce flowers that are 
altered in morphology, in size, in scent, in color, in 
timing, or in nectar and pollen production. Some, 
though not all, of these aspects can be restored through 
selection and appropriate back-crossing. But there 


are always possible side effects to be wary of. For 
example, selection to increase nectar reward can de¬ 
crease interfloral or interplant flights by the visitors 
and so reduce seed set. And in many instances the 
carefully prepared commercial hybrids do not com¬ 
pete well with open-pollinated varieties or with sur¬ 
rounding plant species of similar morphology, adding 
to the ever-increasing stress on monoculture growing 
practices. 

The extent to which F[ seed production (and there¬ 
fore parental pollination) matters is highly variable. 
For the seed merchant it may be crucial in most spe¬ 
cies, but for the grower the needs vary with the crop. In 
some plants such as cotton, and in various foods where 
seed oils are the crucial produce (sunflower, rape, 
some soya hybrids), the quality and quantity of the 
seed is the preeminent consideration and floral mor¬ 
phology must be preserved in the F t progeny. Howev¬ 
er, breeders are sometimes also faced with the conflict 
of needing to produce a large F, generation from the 
parents (to sell as seed to growers), but where seed 
production from those progeny is unimportant or even 
undesirable. For example, in forage crops such as al¬ 
falfa, or food crops such as carrot, onion, or cucumber, 
seeds are not wanted and the preservation of normal 
floral function matters much less. 


6. Overview 

Why Bees Are Especially Good as Pollinators 

Bees are the preferred pollinators for many crops un¬ 
less the flowers are particularly unusual and/or are co¬ 
evolved with something else. There are several key 
reasons for this. First, flowers provide their only foods, 
they are specifically adapted to carry pollen, and they 
requiring more pollen since it provides the larval as 
well as the adult food; hence they will visit flowers 
more often than any other animal. Second, they are 
less susceptible to environmental conditions than 
many other insects, since nearly all have some degree 
of endothermy, and many have environmentally well- 
controlled nests as refuges. Third, they are clever: at 
finding, learning about, handling, and (in social spe¬ 
cies) communicating about flowers and at detecting 
the profitability of plants. They often therefore remain 
constant to one flower species, whether through one 
trip, or one day, or a foraging lifetime. 
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Why Apis Is Seen as Particularly Good 

Honeybees are bound to be major contributors to most 
crop pollination. Partly this is because Apis species are 
“medium” bees in many respects: their sizes and col¬ 
ors are both moderate and intraspecifically variable, so 
they can work in a wide range of conditions over long 
periods; they are moderately good thermoregulators, 
which increases this range; and their tongue lengths 
are medium, so a good range of flowers is accessible. 
But they are important also because they are highly 
eusocial: this ensures large numbers, and perhaps 
makes individuals more prepared to take risks with 
their costs; it provides conditions in a hive that are 
very constant (usually 30°C-35°C and 40%-60% rela¬ 
tive humidity), giving a safe recovery place; and of 
course honeybee hives as far as humans are concerned 
are manageable and movable (whether of the Europe¬ 
an or African style (plate 35C) or others). 

But there are reservations. Apis tends to be a thief 
(secondary) whenever its tongue is too short, so it is 
problematic for red clover and field bean and many 
other legumes. It even steals from scopae of other bees 
if its colony is pollen stressed (Thorp and Briggs 
1980). It cannot buzz-pollinate so is no use for blue¬ 
berry and cranberry, some peppers, and kiwifruit, and 
is poor at working on tomato; and it reacts unusually 
and inappropriately to tripping mechanisms on many 
legumes, so is poor for alfalfa. More generally, it is an 
especially efficient groomer and pollen storer, so is 
sometimes described as a pollen waster from the 
plant’s point of view. Finally, it is only moderately en¬ 
dothermic and so is not ideal for very early-flowering 
crops (e.g., orchard fruits, and some clovers) or for 
crops growing at altitude or in higher latitudes. 

Why Other Bees Are Often Better 

Crop managers can get too carried away by hive bees; 
often native bees have more efficient foraging, a better 
temporal match of foraging with dehiscence, and spe¬ 
cial tricks in relation to certain flowers, so they must 
also be encouraged. In fact it is often more important 
to avoid excess competition from hive bees and avoid 
destroying native bee habitats. 

In early spring small solitary genera such as An- 


drena , Osmia , and Halictus species may be very im¬ 
portant and are especially relevant to early-flowering 
orchard crops. Bumblebees are often especially im¬ 
portant for temperate crops; their larger size (and/or 
size range) and greater hairiness means that they carry 
significantly more pollen on their bodies and they may 
deposit significantly more pollen on stigmas per visit, 
while their variation in tongue length means they can 
work a wider range of flower types. Bumblebees also 
commonly visit rather more flowers per minute than 
honeybees, and they are more likely to move longer 
distances between plants during any particular trip, so 
producing better outcrossing. Stronger endothermy 
also means better activity in the cold weather of early 
spring, and they are far more frequently present in the 
early mornings when pollen in many plants is at a 
peak; in northern Europe and climatically similar 
zones honeybees are rare in March-May and until at 
least 0900 on most days. 

For all these reasons, the encouragement of maxi¬ 
mum bee diversity in every habitat can only work to 
the benefit of crops, as well as supporting natural 
biodiversity. 

Animal pollination improves the harvest for about 
70% of all crops, and conserving habitat for pollina¬ 
tors within the agricultural landscape is therefore key 
to future food supplies. A synthesis of 23 studies across 
16 crops showed that there are strong exponential de¬ 
clines in pollinator richness and visitation rates with 
distance from such habitat, the declines being some¬ 
what steeper in the tropics and for social bees (Rick¬ 
etts et al. 2008). On this basis, tropical crops pollinated 
by social bees may be most at risk in the near future if 
adjacent natural habitats continue to be lost. A review 
of global crop production across 45 years (Aizen, 
Garibaldi et al. 2008) revealed no overall pollination 
shortage (pollinator-dependent and independent crops 
having increased their yields at similar rates), but high¬ 
lighted an increasing acreage devoted to pollinator- 
dependent crop types, with a rise of more than 300% 
in the fraction of agriculture that depends on animal 
pollination (Aizen and Harder 2009). The need for in¬ 
creasing pollinator services by potentially or actually 
declining pollinator populations therefore poses a real 
problem for the near future. This theme of potential 
threats to pollination services is explored further in the 
final chapter. 
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THE GLOBAL POLLINATION CRISIS 
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For nearly three decades now there have been well- 
substantiated reports of declines in pollinators world¬ 
wide, and the problems were explicitly recognized in 
the UN Sao Paulo declaration (1998-99), so that pol¬ 
lination disruption is at last being emphasized as a ma¬ 
jor issue (Kearns et al. 1998). The International Polli¬ 
nator Initiative (IPI) was set up in 2000 to coordinate 
worldwide activities. However, the direct evidence for 
ecosystem-level effects has been slow to appear (Cane 
and Tepedino 2001; Kevan and Phillips 2001), with 
uncertainty still over the extent of pollen limitation 
(Ashman et al. 2004; see chapter 3, section Pollen 
Limitation) or of pollinator community variability 
(N. M. Williams et al. 2001) in natural communities, 
with which disturbed habitats could be compared. 
Therefore long-term data collections are needed to 
track the changes and to understand their underlying 
causes with a view to finding sustainable solutions 
(Roubik 2001; Kearns 2001; Wilcock and Neiland 
2002). Pollinating animals may not directly affect 
most other key ecosystem processes, but as mobile 
link organisms they can exert important indirect ef¬ 
fects via changes in plant community diversity and 
range (Lundberg and Moberg 2003). 

In principle, pollinator loss might lead to plant loss, 
and vice versa; uncoupling a mutualism by effects on 


one partner could have knock-on effects at a commu¬ 
nity level (see Bond 1994, 1995). The impact of polli¬ 
nator loss on overall pollination service in a commu¬ 
nity may well depend on the degree of specialization 
of the interactions, as it is generally assumed that 
specialists suffer more negative effects from distur¬ 
bance, and that there is greater resilience to extinctions 
in more generalized relationships. Vazquez and Sim- 
berloff (2002) proposed a specialization-asymmetry- 
disturbance hypothesis, where both the degree of spe¬ 
cialization and asymmetry of interactions affect 
responses to disturbance, although they found no 
strong support for this from their own data. Hence here 
again the debate over the extent and importance of 
specialization is critical, and rather better resolution is 
urgently needed. 

In this chapter the needs for assessment of pollina¬ 
tor decline are assessed, along with some of the key 
threats to pollinators and to pollination services; good 
recent reviews on particular themes are also available 
(e.g., Allen-Wardell et al. 1998; Kearns et al. 1998; 
Kevan 1999; Klein et al. 2007; Gallai et al. 2009; Ai- 
zen and Harder 2009). 

1. Assessing Pollination Services 
and Pollinator Declines 

Proper assessments of the current state of pollinator- 
plant interactions, though crucial for future planning to 
enhance and sustain pollination services, are surpris¬ 
ingly difficult. Pollination declines cannot necessarily 
be inferred from pollinator deficits even if these can be 
adequately recorded (see Thomson 2001b), especially 
given the prevalence of pollen limitation in so many 
plants. Current scientific data are usually inadequate. 
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and one of the missions of the IPI has been to establish 
standard methodologies for documenting pollinator 
occurrence and abundance, as they vary across time 
and across environments, and for assessing pollination 
services. Such core protocols are gradually emerging 
(see Frankie et al. 1998; Cane et al. 2000; Potts et al. 
2005; Campbell and Hanula 2007), but reviews for 
bees (N. M. Williams et al. 2001) and for flies (Kearns 
2001) have indicated that existing studies cannot ade¬ 
quately distinguish between natural fluctuations of 
populations and human-induced changes. Even when 
we do have standard protocols, efforts are often ham¬ 
pered by inadequate taxonomic expertise, as the insect 
fauna of many regions is so poorly documented. Al¬ 
though bees are one of the better-known groups there 
are far too few experts who can identify to species, and 
as yet no consistently reliable web-based identification 
guides for these key groups. However, electronic cata¬ 
logs are gradually developing (HymenopteraBase, 
Species 2000, and ITIS Catalogue of Life) and there is 
a major effort going into image-processing from type 
specimens and into providing semiautomated identifi¬ 
cation systems (based on images or on barcoding from 
molecular data), eventually as on-line facilities. 

Repeatable year-on-year samplings for insects that 
visit flowers at a community level usually rely on net¬ 
ting at flowers (organized in standard grids or transects) 
or on trapping techniques. Westphal et al. (2008) com¬ 
prehensively reviewed these approaches for surveying 
bees and concluded that pan traps were the method 
with least observer or collector bias. Trapping using 
Malaise traps or colored water-filled pan traps was 
compared in three different forest systems by Camp¬ 
bell and Hanula (2007); they found blue pan traps 
most effective for flower visitors. However, these au¬ 
thors and others noted that the color used in these 
tended to bias the catch toward bees or flies or other 
insects, so that use of several colors simultaneously is 
advisable. Cane et al. (2000) pointed out the depauper¬ 
ate samples of certain taxa found in pan traps com¬ 
pared with traditional net collections, and Wilson et al. 
(2008) found similar discrepancies for desert sampling 
of bee communities, although only in certain seasons. 

Localized regular sampling for particular bee types 
has also been attempted, notably for euglossine bees 
using scented baits (Roubik 2001) and for nocturnal 
tropical bees using light traps (Roubik and Wolda 
2001). Sampling for individual target plant species is 
easier (and best achieved by intensive observations). 


but it is difficult to choose a target that will give repre¬ 
sentative patterns for the surrounding community. In 
some cases, Asteraceae are recommended at least for 
assessing overall bee diversity and abundance, but in 
other cases the same plant family does not give a good 
representation for bees (see Eardley et al. 2006). Sam¬ 
pling a single “magnet” plant can often give better re¬ 
sults (Minckley et al. 1999), and Larrea has been pro¬ 
moted for US desert sites in this respect (Cane et al. 
2005), while mass-flowering Andira trees in Costa 
Rica have been used to document very significant re¬ 
ductions in bee numbers since 1972 (Frankie et al. 
1997). But subsampling at other plant species is still 
always needed to see variations across the community 
(Cane et al. 2005, 2006). 

Leaving aside the insect pollinators, efforts to sam¬ 
ple other taxa are complicated by their behaviors. Both 
birds and bats may be migratory, breeding in one site 
and overwintering in another, and even in one site they 
may often be roosting at a long distance from the 
plants that they are mainly feeding on, so that monitor¬ 
ing of populations at different sites can give different 
impressions. There have been international efforts to 
monitor hummingbirds across North and Central 
America (see Allen-Wardell et al. 1998; Sauer et al. 
2005), although there are still major problems with 
data standardization. Likewise there have been good 
conservation-related surveys of bats in Central Ameri¬ 
ca (Medellin 2003) by visiting caves regularly, at least 
allowing monitoring of abundance and of possible di¬ 
etary changes. 

Another conceivable approach would be regular 
sampling of fruit and seed sets as a proxy for pollina¬ 
tion success, but this is complicated (perhaps impos¬ 
sibly so) by the need to factor out all other possible 
variables, such as edaphic changes, internal resource 
constraints for the plant, variable climate and micro¬ 
climate, and variations in florivory or herbivory. 

It can be very useful to look at the problem the oth¬ 
er way around and record the losses of known forage 
plants for particular groups. This has been well docu¬ 
mented for bumblebees in the United Kingdom 
(Carvell et al. 2006), with 76% of the known Bombus 
forage plants decreasing in frequency in the late twen¬ 
tieth century. 

However, perhaps the best indicators of the prob¬ 
lem come from documented parallel declines in polli¬ 
nators and in the plants that they pollinate, and this 
evidence was provided by Biesmeijer et al. (2006) for 
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bees, hoverflies, and entomophilous plants across the 
United Kingdom and the Netherlands, comparing pre- 
and post-1980 records. Plate 39 shows the effect for 
British bees. These authors found the most marked 
changes in flower specialists and habitat specialists, in 
univoltine species, and in nonmigrants, with outcross¬ 
ing plants showing linked declines. Based on these 
kinds of findings, major initiatives are being set up to 
record and conserve native bees, especially in Europe 
and North America. Banaszak (1992) provided an ear¬ 
ly summary of the necessary measures. 

2. Particular Threats to Pollinators 

Habitat Degradation and Destruction 

Since pollination involves more or less specific inter¬ 
actions, any habitat effects that alter the distribution or 
abundance of a particular species pose potential risks 
to the associated partners; and shifts in distribution of 
one plant or animal in response to habitat change, even 
without population decline, risk uncoupling relation¬ 
ships whether these be the rare obligate associations or 
more generalized interactions. Most commonly plants 
are able to “move” only slowly as their habitats change, 
so they may be left behind by more mobile animals. 

Species that lose their pollinators may persist for 
some time, perhaps with some asexual reproduction, 
but are in an evolutionary sense at a dead end. Thus 
habitat destruction can leave an extinction debt that 
only becomes apparent years or decades later. While 
obligate mutualisms with reliance on a single pollina¬ 
tor are very rare and the risks of overdependence are 
obvious, they do involve some key species, especially 
figs (chapter 26), whose loss can have a disproportion¬ 
ately large influence on plant and animal community 
structures. 

Habitat loss and disruption can also affect pollina¬ 
tion success by disturbing the balance between legiti¬ 
mate visitors and the rarer cheats, nectar robbers, etc., 
with unpredictable effects. 

Hence the persistence of effective pollination can 
be a good measure of ecosystem health (Aizen and 
Feinsinger 1994a,b). 

Sharp declines in habitat availability have been 
most conspicuous of late in the tropics, and there are 
documented cases of effects on the large vertebrate 
pollinators. Some of the long-nosed bats of Central 


America have declined in numbers (Medellin 2003), 
and chiropteran vulnerability to forest breakup is well 
documented (Meyer et al. 2008). 

A global scale meta-analysis (Vamosi et al. 2006) 
highlighted the particular risk to pollinators and plants 
in biodiversity hot spots. There is a significant positive 
relationship between pollen limitation and species 
richness, especially for obligate outcrossing plants, 
and for trees relative to shrubs and herbs. Plants in 
such hot spots, mainly in the tropical forests, are pre¬ 
sumably more prone to pollen limitation because of 
interspecific competition for pollinators, and may ex¬ 
perience stronger selection to specialize. They may be 
more at risk of extinction from the dual risks of pollen 
limitation and habitat destruction. 


Habitat Fragmentation 

Loss of habitat in a total sense is rare, but habitat frag¬ 
mentation is extremely common, as natural landscapes 
are increasingly subject to deforestation or to more in¬ 
tensive cultivation regimes. Fragmentation creates 
smaller populations, with greater risk of inbreeding 
depression and genetic drift, and it amplifies the spa¬ 
tial isolation of these populations. Pollinators are in¬ 
creasingly exposed to invasive competitors, to para¬ 
sites and diseases, and also to drift from agrochemicals. 
In isolated habitat fragments plants are also at risk of 
greater geitonogamy and/or greater heterospecific pol¬ 
len receipt. We have considered before the estimate 
that at least 60% of plant species have their seed set 
limited by pollination at some stages in their lives, that 
is, they suffer lowered seed production because they 
receive too few visits. In areas where agriculture or 
other anthropogenic land use has gradually restricted 
natural habitats to small isolated fragments, these pol¬ 
linator-limited species are particularly likely to experi¬ 
ence low seed set. Steffan-Dewenter et al. (2002) mea¬ 
sured such effects by comparing visits to standard 
groups of potted plants placed in the center of land¬ 
scapes within which the area of remaining natural 
habitat varied from ~1% to 28%, and found that diver¬ 
sity and abundance of solitary bees were strongly cor¬ 
related with this percentage value, although social 
bees were less affected. 

Some clear examples of fragmentation effects on 
plant success in specific habitats are also available, for 
example in prairie wildflowers (Hendrix 1994) and in 
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deciduous woodland herbs (Taki et al. 2007). In the 
arid southern Mediterranean, populations of cycla¬ 
mens (C. balearicum ) have become isolated and now 
receive very few visits (largely from syrphids) and so 
have increasingly tended to undergo delayed autoga¬ 
my (Affre et al. 1995). In calcareous grasslands, Be- 
tonica plants in isolated fragments were visited less 
than half as often (by bumblebees) as plants in control 
areas (Goverde et al. 2002), and with bee behavior al¬ 
tering in ways that could increase inbreeding and re¬ 
duce pollen dispersal (fig. 29.1). In similar habitats the 
horseshoe vetch ( Hippocrepis ) required quite large 
patches and a diverse landscape to attract enough pol¬ 
linators (Meyer et al. 2007). Hawkmoth-pollinated 
Oenothera flowers suffered greatest pollination limita¬ 
tion in the most disturbed fragmented populations in 
Missouri (Moody-Weis and Heywood 2001). Perhaps 
not surprisingly the effects do depend on the habitat 
and on the pollinators, and in tropical forest remnants 
orchids visited by euglossine bees that are long-range 
flyers showed little or no reduction in seed set (Murren 
2002), although in other studies Powell and Powell 
(1987) found that euglossines did not cross open areas 
of more than 100 m. 

Fragmentation is a problem in the longer term 
mainly because it reduces the habitat for particular 
species below some critical area, so cutting down the 
biodiversity in the “islands” of original habitat that are 
effectively created. But it may also alter the balance 
between herbivory and pollination and thus alter the 
plant’s responses to damage (Kolb 2008), or it may 
disrupt the migratory patterns of some pollinators if 
there are inadequate corridors of reasonably natural 
habitat between the islands to provide food for the 
passing migrants and to allow for population move¬ 
ment and gene flow. Habitat fragmentation, and the 
need to determine suitable minimum areas and suit¬ 
able maximum spacing between the conserved islands, 
is therefore a particular concern and focus when it 
comes to the design of reserves and protected habitats 
(e.g., Rodrigues and Gaston 2001; Rothley et al. 2003; 
see also Nebbia and Zalba 2007), and needs special 
attention where the needs of interacting species oper¬ 
ating on different spatial scales are concerned 
(Tscharntke and Brandi 2004). 

Pollination quality generally declines in fragment¬ 
ed populations of tropical trees, as shown for Samanea 
(Cascante et al. 2002) and for figs, where McKey 
(1989) estimated that a minimum of 800 acres of typi- 
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Figure 29.1 Effects of habitat fragmentation on bumblebee behavior 
when foraging on Betonica officinalis at two sites. Bars are shown ± 
SEs. Bees visit more often in the control patches, but visit a higher 
proportion of the inflorescences (A), and for longer times (B), in the 
fragmented areas, potentially increasing selfing and inbreeding. (Re¬ 
drawn from Goverde et al. 2002.) 


cal forest, containing 300 fig trees, would be needed to 
ensure that a given fig-fig wasp mutualism persisted. 
In a more general survey, Aizen and Feinsinger (1994a) 
showed that fragments of less than 5 acres in the dry 
subtropics of Argentina could not sustain enough wild 
pollinators; over time, the introduced Africanized Apis 
came to dominate, and at least 16 tree species have 
declined as a result. Africanized bees may be doing 
particularly well because they have a preference for 
pollen over nectar, whereas European bees take more 
nectar, which enhances honey stores for winter sur¬ 
vival in colder climates. The Africanized bees also 
benefit from higher relative thorax mass and higher 
specific metabolic rates, features that improve their 
flight capacity and dispersal powers (Harrison et al. 
2006). Although often regarded purely as a problem, 
they can sometimes be useful in rescuing remnant 
populations of endemic trees (Dick 2002). However, 
these generalist pollinators are supplanting the local 
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specialists and taking over (although not necessarily 
very effectively) the pollination of rarer plants. At least 
some of these effects have been mainly due to loss of 
nest sites rather than of flora, since the ground-nesting 
bee Dialictus has suffered much less than Augochlora 
bees that nest in rotting tree stumps, which are largely 
removed by farmers in the more agricultural areas 
separating the remnant forest fragments. 

In Brazil, fragmentation resulting from deforesta¬ 
tion is a major problem, and native bee populations are 
in decline in at least some areas. Lima-Verde and Frei¬ 
tas (2002) proposed the stingless bee Melipona quin- 
quefcisciata as a good indicator species, and conserva¬ 
tion measures to preserve this bee (notably reduced 
gathering of firewood and limited agricultural expan¬ 
sion, with retention of larger forest fragments and cor¬ 
ridors) should help to conserve the bee fauna in gen¬ 
eral. Remember too the importance of persistent forest 
fragments in the tropics in maintaining pollination 
services for surrounding agricultural areas, an issue 
highlighted in several studies on coffee pollination 
(chapter 28). 

Turning to temperate and herbaceous plants, a num¬ 
ber of specific studies have shown marked effects of 
habitat fragmentation. Garcia and Chacoff (2007) 
studied the common hawthorn ( Crataegus monogyna ) 
and showed reduced pollen tubes per flower as prox¬ 
imity of forest cover declined. Lennartsson (2002), 
working with Gentianella, compared success in large 
and small habitat fragments, and found reduced cross¬ 
pollination and increased extinction in the small frag¬ 
ments, with up to six times fewer visits from bumble¬ 
bees. As an extreme case Primack and Hall (1990), 
working on isolated lady slipper orchids ( Cypripedium 
cicaule), showed that only 2% of flowers were effec¬ 
tively visited by a bumblebee and only 7 successful 
fruits were produced in a set of 64 plants, over four 
years. However, on the positive side it seems that 
where even narrow corridors of remnant land remain 
between degraded and depauperate zones the animal- 
plant interactions can persist; for example, Townsend 
and Levey (2005) specifically demonstrated that habi¬ 
tat corridors could improve pollen transfer between 
fragments for both butterfly- and bee-pollinated plants. 
In southern Africa small corridors of grassland be¬ 
tween planted pine forests also retain good biodiver¬ 
sity (Bullock and Samways 2005), although those 
same grassland corridors are now under heavy grazing 
and human disturbance threat. 


Some general patterns are perhaps beginning to 
emerge. Aizen et al. (2002) reviewed the literature 
available and could find no obvious difference in the 
responses to fragmentation of generalist and specialist 
plants. Results from Florida (Koptur 2006) were simi¬ 
lar, and the findings of Aguilar et al. (2006) from a 
meta-analysis could also be interpreted this way. How¬ 
ever, work by Taki and Kevan (2007) found that habitat 
loss and fragmentation led to increased generalization 
in the insect communities, but not in the plants. Such 
findings probably reflect the asymmetry in specializa¬ 
tion present in many relationships (Ashworth et al. 
2004; chapter 20). However, they have led to the rather 
worrying assertion that, even if specialist pollinators 
are wiped out by disturbance, the plants will mostly be 
buffered against extinction because they also get gen¬ 
eralist visitors (as discussed in chapter 20). 

Considering just the pollinators, various studies on 
bee diversity by Steffan-Dewenter and his group (re¬ 
viewed in Steffan-Dewenter et al. 2006) showed that 
habitat fragmentation had the greatest impact on soli¬ 
tary species, especially those oligoleges with special¬ 
ized pollen needs. However, the news is not all bad; 
other studies found that pockets of native bees persist¬ 
ed surprisingly well in habitats drastically altered by 
humans (Cane et al. 2006) and even in entirely urban 
habitats (Frankie et al. 2005). And estimates of pollen 
dispersal over 5 km in a bird-pollinated shrub (Byrne 
et al. 2007) indicated that such plants could cope with 
quite extensive habitat fragmentation. 

Edge effects represent an associated issue here; as 
fragmentation increases, there is an increased ratio of 
perimeter to interior. Murcia (1995) pointed out that 
edge effects in forests were critical but very poorly un¬ 
derstood, and could be very site specific, with various 
community features showing increases or decreases in 
different forests. Around tropical forest edges there 
may be more light patches and insolated marginal hab¬ 
itats, often invaded by mass-flowering light-tolerant 
weedy plants that can temporarily promote pollinator 
abundance. But over time this effect can diminish and 
there is likely to be a higher ratio of less floriferous but 
light-tolerant plants. 

However, edge effects viewed the other way around 
also work to the benefit of nearby crops. Agroforestry 
systems in Sulawesi had higher species diversity (both 
flowering plants and hymenopterans) the closer they 
were to the edges of natural forest (Klein et al. 2006). 
Coffee grown nearer to fragments of native forest gets 
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significant pollination benefits (chapter 28), and grape¬ 
fruit crops close to subtropical forest in Argentina also 
experienced greater pollinator diversity (fig. 29.2; 
Chacoff and Aizen 2006). Chacoff et al. (2008) also 
pointed out that honeybees were not particularly effi¬ 
cient pollinators of this crop and preserved forest 
remnants could provide more efficient and resilient 
pollinators. 

Intensive Agriculture 

Monocultures and Loss of Hedgerows 
Perhaps the most obvious feature of intensification of 
agriculture is the enlargement of fields to accommo¬ 
date monoculture cropping, which facilitates use of 
machinery and reduces costs of tillage, harvesting, and 
chemical applications. However, this inevitably reduc¬ 
es floral diversity, with the concomitant loss of all the 
small islands of diversity formerly provided by hedg¬ 
es, field margins, small patches of woodland, and un¬ 
cultivated land. In the United Kingdom about 40% of 
hedgerows have been lost since the 1930s. Declines of 
several key pollinator groups, for example, bumble¬ 
bees, hoverflies, and solitary bees, have been explicitly 
linked to this change of land use (Carvell et al. 2004). 

Land use around agricultural fields has direct ef¬ 
fects on the availability of native pollinators (e.g., 
Ockinger and Smith 2007). Areas of pastureland with¬ 
in intensive monoculture areas can significantly im¬ 
prove wild bee abundance (Morandin et al. 2007), with 
94% of the variation in bumblebee numbers explained 
by the amount of nearby pasture. Quite small propor¬ 
tions of uncultivated land can be beneficial, and 
schemes to reinstate arable field margins and hedges 
have been set in place in recent years. Carvell et al. 
(2007) evaluated the success of some of these in Eu¬ 
rope; field margins deliberately sown with mixtures of 
pollen- and nectar-producing plants, especially with 
inclusion of legumes, gave better results (for pollinat¬ 
ing species across all tongue lengths) than simply al¬ 
lowing regeneration or sowing mixed grasses. 

Agrochemical Effects: Herbicides and Insecticides 
Herbicides to control weeds are not necessarily direct¬ 
ly toxic to flower visitors, but can have major effects 
by eliminating key host plants for lepidopterans and 
key forage plants for bees. They may thereby have ma¬ 
jor impacts on wild pollinator populations. There are 
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Figure 29.2 Effects of distance from native vegetation on similarity of 
pollinator species richness for grapefruit crops (Citrus parodist ); closer 
to the edges the pollinator communities are reduced in richness and 
less similar to the communities deep in the forest. (Redrawn from 
Chacoff and Aizen 2006.) 


suggestions that when herbicides are gathered with 
pollen they can affect larval growth in bees. 

The use of pesticides in agriculture is well docu¬ 
mented as causing pollinator declines (Kevan 1975a,b; 
Johansen 1977; Johansen et al. 1983; Kearns and In- 
ouye 1997; Spira 2001; Gels et al. 2002), especially 
where spraying time coincides with flowering time. 
Bees are particularly sensitive to many standard insec¬ 
ticides, and fenitrothion, the organophosphate widely 
substituted for DDT in the last few decades, is even 
more toxic to bees. Malathion is also very toxic and 
especially problematic because it is usually applied in 
microcapsule form, mimicking pollen and being 
picked up and transported by bees (Johansen and May¬ 
er 1990). Recent use of phosmet in orchards has also 
been shown to affect nesting alkali bees in the vicinity 
(Alston et al. 2007), and there are unproven specula¬ 
tions that nicotinoids may have effects on bee behavior 
and memory. 

The case of the lowbush blueberry in Canada is 
well known, since Kevan (1975c) noted a massive de¬ 
crease in yield where adjacent foresters were spraying 
(first with DDT, then fenitrothion) against spruce bud- 
worm; pollinators were getting killed throughout the 
1970s. This also affected songbirds, as there were few¬ 
er insects for them to feed on and they had taken to 
damaging the blueberry crop. Growers introduced 
Apis hives to help pollination, but yields only fully re¬ 
covered once fenitrothion use near blueberry fields 
was banned (Kevan and Plowright 1995). 
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Similarly, use of diazinon to control aphids in al¬ 
falfa fields in the United States resulted in massive de¬ 
clines in the pollinating alkali bees (chapter 28), which 
took several years to show recovery (Johansen 1977). 

In urban areas, up to 90% of homes may be using 
sprays indoors, and 50%-80% use insecticides in yards 
or gardens. Specificity of some is good, but broad- 
spectrum sprays certainly affect beneficial insects and 
can reduce pollination locally. Even biological con¬ 
trols such as Bacillus thuringensis (Bt) sprays, used in 
organic gardens, are not risk-free—the spray drifting 
onto butterfly host plants produces quick declines. 

The increasingly tight controls on insecticidal 
spraying (especially against pests that are active at 
flowering or fruiting time, like the raspberry beetle By- 
turus tomentosus ) may mean that in the future native 
insect pollinator populations will recover, and they 
could therefore (if we try to conserve them now) come 
to play a more dominant role in visiting the crops we 
grow. 

Overgrazing 

Specific herbivory effects on pollination systems were 
considered in chapter 25, but at a more general level 
the moderate vertebrate or insect grazing of grasslands 
and moorlands is often useful in maintaining plant di¬ 
versity (e.g., Hartley and Jones 2003) and insect diver¬ 
sity (e.g., Kruess and Tscharntke 2002), and specifi¬ 
cally bee abundance (e.g., Steffan-Dewenter and 
Leschke 2003; Vulliamy et al. 2006). Grazing can in¬ 
crease light availability for some plants, both by re¬ 
moving sheltering foliage for herbs and shrubs and by 
decreasing the litter thickness around low-growing 
plants (e.g., Agren et al. 2006). It may also open up 
areas of compacted ground suitable for solitary bee 
nesting and can increase nutrient levels from dung and 
urine. For these reasons it can have the mild to moder¬ 
ate positive effects on plant diversity and flowering 
already mentioned. But more damaging effects of in¬ 
tense grazing are recognized as a significant problem 
in several ecosystems, notably semiarid and Mediter¬ 
ranean habitats; here overgrazing by cattle and goats 
that takes out large amounts of plant tissue is more 
likely to be detrimental, both removing flowers and 
potential flowers and also destroying certain kinds of 
pollinator habitat and nest site. Livestock can there¬ 
fore modify pollinator community composition, for 
example in California, where sheep affected legume 
pollination and success (Sugden 1985), and in the ka¬ 


roo of South Africa, where the pollinating monkey 
beetle assemblages changed under more intense graz¬ 
ing pressure (Mayer et al. 2006). Use of late-season 
grazing rather than continuous grazing may be better 
management practice for preserving flower abundance 
(e.g., Vulliamy et al. 2006; Sjodin 2007). 

Vazquez and Simberloff (2003), using a path analy¬ 
sis approach, showed that introduced cattle signifi¬ 
cantly modified some key and frequent plant-pollinator 
interactions, and the same authors (2004) modeled the 
various effects of cattle grazing on a single herbaceous 
plant ( Alstroemeria ) into a path analysis (fig. 29.3; see 
also Aizen and Vazquez 2006). They found that cattle 
affected pollen deposition mainly through an effect on 
the relative density of Alstroemeria plants, so reducing 
conspecific pollen deposition. Vulliamy et al. (2006) 
analyzed a diverse Mediterranean flora (fig. 29.4) and 
found that herbs and shrubs were differently affected 
by grazing, with herb species richness declining only 
at the highest grazing levels, and with bee diversity 
responding to herb cover, with a linear relation be¬ 
tween bee abundance and grazing level; but they also 
presented a path analysis which revealed that bee abun¬ 
dance changes were mediated more through changes 
in nesting availability than through flower cover or flo¬ 
ral diversity (fig. 29.5). 

Selective Harvesting 

Here the effects depend on the abundance of the spe¬ 
cies that are removed, most commonly trees from for¬ 
ests. Logging of rare valuable species, done with care, 
may have little effect on the pollination community. 
For example, monitoring of bird populations in selec¬ 
tively logged Malaysian forests revealed undiminished 
abundance, diversity, or breeding (Yap et al. 2007), 
while analyses of bees and syrphids in forests harvest¬ 
ed by single-tree selection in Canada found greater 
abundance and slightly greater diversity in the recently 
logged areas (Nol et al. 2007). However, logging of 
dominant trees can produce widespread habitat degra¬ 
dation and will change the light availability and nutri¬ 
ent levels drastically. Cartar (2005) documented the 
short-term effects of experimental logging in a boreal 
forest and found negative impacts on plant diversity 
and on bumblebees, the bees failing to match the 
changing flower densities and experiencing excess 
competition in clear-cut areas, but with relatively re¬ 
duced visitation in control areas where diminished 
pollination service resulted. 
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Figure 29.3 Path analysis of the effects of cattle grazing 
and associated perturbation on pollination and seed set 
in Alstroemeria aurea : (A) predicted and (B) observed ef¬ 
fects with the strength of the relation shown by line 
thickness (with vertical arrows representing unexplained 
variations). (Redrawn from Aizen and Vazquez 2006.) 
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Figure 29.4 Effects of grazing in a mixed Mediterranean 
flowering community: (A) species richness of herbs and 
of shrubs in relation to grazing level; (B) general increas¬ 
es in bee abundance with increased grazing levels (which 
themselves peak at intermediate times since the area suf¬ 
fered fire, an interacting disturbance factor). (Redrawn 
from Vulliamy et al. 2006.) 
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Figure 29.5 A path analysis of the same com¬ 
munity as in figure 29.4, showing the 
strengths of relationships between interact¬ 
ing factors. Bold lines are significant paths, 
and dotted lines are negative interactions. 
(Redrawn from Vulliamy et al. 2006.) 


Genetic Engineering of Crops 
Genes for resistance to herbicide, insecticide, or dis¬ 
ease, once in crops that require cross-fertilization, 
could both in theory and in practice be transferred into 
compatible weedy relatives, by “escape” of genes from 
the genetically modified crops (Rieger et al. 2002). 
There are concerns that this could produce super¬ 
weeds, although the biotechnologists believe these 
risks can be avoided. 

With the possible advent of a greater variety of ge¬ 
netically engineered crops, it is clearly important to 
know how all flower visitors (and indeed wind) may 
act in spreading pollen from cultivation into wild plant 
communities, as mentioned in chapter 28, and the 
modeling and measuring of these effects is now a ma¬ 
jor concern (Hayter and Cresswell 2006; Hoyle and 
Cresswell 2007). 

Increasing Fire 

Wildfire is a natural component of many ecosystems 
(especially Mediterranean zones and grasslands, and 
some boreal forests) and is important to the reproduc¬ 
tion of many plants that require heat to break their seed 


dormancy. Most fires in areas where human impacts 
are substantial occur in old woodland undergrowth 
(with dead brushwood accumulation) and simply serve 
to open up the ground-cover and stimulate seeds to 
germinate and renew the normal undergrowth. In fact, 
managed fire can be very valuable in forests, increas¬ 
ing low herbaceous cover with associated improve¬ 
ments in pollinator diversity (e.g., Campbell et al. 
2007). However, excessive frequency or intensity of 
fire (whether set deliberately, or an accidental conse¬ 
quence of human recreational fires, or even resulting 
from warmer climates and increased lightning storms) 
could be severely disruptive to pollination. Fire in the 
short term creates an open, highly insolated zone with 
good soil nutrients, and there may be a temporary 
flourishing of annuals from the seed bank with a high 
initial floral diversity. It can also affect pollen perfor¬ 
mance positively, with faster-growing pollen tubes and 
larger resulting plants (Travers 1999). But in the lon¬ 
ger term repeated fire episodes will stop progression to 
a climax community and simultaneously diminish the 
seed bank for annuals to grow between the shrubs and 
small trees that do survive. 

Monitoring of zones of different postfire ages in Is¬ 
rael (Potts et al. 2003) therefore showed that bee and 



















The Global Pollination Crisis • 629 


plant diversity peaked about two years after a fire, but 
pollinator composition also varied with postfire age, 
and overfrequent fires reduced the abundance of some 
of the key perennials on which bees depended. Fires 
also had an effect on the availability of key nesting 
materials for some of the pollinators (Potts, Vulliamy 
et al. 2005). In Florida pinewoods, the timing of fires 
also had major effects in the short term on whether 
flowering occurred when pollinators were available 
(Pitts-Singer et al. 2002). 

In the long run, fires probably have an effect in 
changing the composition of a particular flora, espe¬ 
cially increasing the proportions of fire-tolerant spe¬ 
cies. They are also interactive over longer time scales 
with grazing, since heavily grazed areas can act as fire¬ 
breaks, and recently burnt areas can act as attractants 
to grazers during the first postfire green flush (Archi¬ 
bald et al. 2005). 

Introduced Animal Species and Pollinators 

Introduced mammals are often the most conspicuous 
threat to pollination systems and communities. Most 
obviously this would involve livestock, considered 
above under the heading of grazing. But introductions 
also include rats, feral cats, and rabbits, and all can be 
problematic. Cats reduce numbers of birds, lizards, 
and some small mammals, and this can lead to increas¬ 
es in insect populations, including pest herbivores. 
Rats may remove key insect groups, again with poten¬ 
tial knock-on effects. An introduced predatory tree 
snake on the island of Guam produced severe reduc¬ 
tions in bird pollination for local Bniguiera and Eryth- 
rina trees (Mortensen et al. 2008). Introduced fire ants 
(Solenopsis ) can be another unexpected problem, lim¬ 
iting both herbivores and pollinators because they are 
very aggressive generalist omnivorous foragers (Fleet 
and Young 2000). 

Introduction of pollinators is a different kind of is¬ 
sue, generally involving bees (Goulson 2003) and usu¬ 
ally intended to be beneficial. Apis is probably the 
most ubiquitous introduction worldwide, and is char¬ 
acterized as hypercompetitive. It is now hugely domi¬ 
nant in some areas where it has been introduced and 
can have substantial impacts (reviewed by Butz Huryn 
1997). At the resource level the effects seem inevitable 
for some non -Apis bees (e.g., Dupont, Hansen, Valido 
et al. 2004; Forup and Memmott 2005b). This can in¬ 


clude native bumblebees, which tend to be “living on 
the edge”; remember (chapter 18) that one honeybee 
hive can take away the resources of about 100 bumble¬ 
bee colonies, and hence there are documented effects 
on bumblebee abundance (Thomson 2004) and size 
(Goulson and Sparrow 2008). Apis may also influence 
the diversity and abundance of other flower visitors 
(e.g., Evertz 1995; Brugge et al. 1998), including pol¬ 
linating birds (Hansen et al. 2002). However, some 
authors have found little or no overall effect, including 
Sugden et al. (1996) in Australia, Roubik and Wolda 
(2001) in a long-term study in Panama, and Steffan- 
Dewenter and Tscharntke (2000) in central European 
grasslands. Quite what factors determine impact from 
honeybees remains unclear, so a precautionary ap¬ 
proach is sensible; for example, in New Zealand Apis 
is an exotic introduction and has become an important 
agricultural pollinator, often outnumbering all other 
flower visitors, but movement of hives (especially be¬ 
tween North and South Island) is tightly controlled 
and monitored. 

In some situations Bombus itself has become a prob¬ 
lematic introduced species (Dafni 1998; Otterstatter 
and Thomson 2008). Colonies of Bombus terrestris 
from Europe were taken to Japan and Israel to work in 
greenhouses, but individuals often escaped and have 
become naturalized. In Israel in the 1990s Bombus 
numbers increased markedly and other native bees de¬ 
clined (see fig. 28.2) (Dafni and Shmida 1996). In Ja¬ 
pan, B. terrestris can interfere with native bumblebees 
partly by its tendency to rob flowers with longer corol¬ 
las, giving reduced fruit set (Kenta et al. 2007). Even 
within Europe commercial B. terrestris colonies tend 
to have larger workers with higher nectar-foraging rates 
and faster gyne production than native colonies and so 
could outcompete them (Ings et al. 2006). Bumblebees 
have more recently been introduced deliberately to 
Mexico and accidentally to Tasmania where they are 
thriving (Hingston et al. 2002; Hingston 2007). In Ar¬ 
gentina the introduced European bee Bombus rudera- 
tus has increased in abundance steadily since 1994, at 
the expense of the native B. dahlbomi (Madjidian et al. 
2008); the invader is a less effective pollinator of native 
Alstroemeria flowers but has become the better overall 
pollinator by sheer force of numbers. 

The populations and effects of introduced invasive 
species clearly need to be carefully followed, to avoid 
competition with natives. It is also critical to monitor 
introductions to prevent possible spreading of diseases 
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to natives; commercially reared bees may have higher 
incidence of pathogens, and Colla et al. (2006) report¬ 
ed spillover (of both Nosema and Crithidia) to natural 
Bombus populations from greenhouses. 

Invasive Plant Species and Changing Floras 

Invasive alien plants can have marked effects on the 
biodiversity of plants in particular habitats, and can 
thereby affect pollination outcomes for natives by rap¬ 
idly inserting themselves into existing communities. 
Sometimes the effects are relatively benign: Memmott 
and Waser (2002) traced the effects of alien plants in a 
North American pollination web, finding the aliens to 
be visited by fewer species than the natives, most of 
the visitors being generalists, but noting that the aliens 
readily became “well integrated” into the native web 
(see also Aizen, Morales et al. 2008). However, intro¬ 
duced exotic plants can have an overall negative effect 
on a pollination community in several ways: by in¬ 
creasing competition for light or for other resources, 
or by “stealing” pollinators from coflowering natives. 
The Himalayan balsam ( Impatiens glandulifera) is a 
classic example of this latter effect, its superabundant 
nectar (plate 19G) distracting bees and other flower 
visitors from native plants in the damp habitats that it 
invades (Chittka and Schiirkens 2001; chapter 22). 
This same alien was used by Lopezaraiza-Mikel et al. 
(2007) to test the effect of an invasive plant on a native 
pollination network (chapter 20); invaded plots had 
higher visitor species richness and abundance, but the 
pollen transport in the system was dominated by the 
alien pollen so that pollination of natives was likely to 
be compromised. Similar effects have occurred with 
introduced Lythrum salicaria (purple loosestrife), 
which can reduce pollinator visitation and seed set in 
native L. alatum while probably increasing wasteful 
interspecific pollen transfer (Brown et al. 2002). An¬ 
other well-known example is Rhododendron politi¬ 
cian, an invasive in much of northwestern Europe al¬ 
though somewhat declining in its native Spain. Stout 
et al. (2006) compared its pollination regime in Ireland 
and Spain and found a range of fairly generalist 
polylectic visitors in both sites, differing at the species 
level but with similar visitation rates. In Spain the visi¬ 
tors carried less pollen, and in Ireland the flowers were 
more nectar depleted, suggesting again that the plant is 


providing an unusually favored nectar resource for na¬ 
tive pollinators where it is an alien. 

Taken a stage farther, these kinds of invasions can 
affect not just pollinator behavior but also wild polli¬ 
nator population sizes and diversities. For example, 
alien goldenrods ( Solidago ) are now common in many 
parts of Europe and North America, and a study in Po¬ 
land showed that where present they markedly reduced 
the species richness and diversity of bees, hoverflies, 
and butterflies (Moron et al. 2009). 

All the above examples describe invasive aliens 
having competitive effects on natives, but Bjerknes et 
al. (2007) pointed out that facilitative effects are also 
quite likely in some situations, with aliens supporting 
an increased pollinator density; such effects could be 
more likely on a landscape scale. Moragues and Trave- 
set (2005) found just such an effect for Carpobrotus 
introduced in the Balearic Islands, where it competed 
with Lotus but facilitated pollination in Cistus and An - 
thyllis. In studies by Jakobsson et al. (2008), this same 
plant had little impact on natives as its pollen was very 
rarely transferred to them, while in other Mediterra¬ 
nean sites Carpobrotus facilitated visitation to native 
plants; however, Opuntia had the opposite effect in the 
same communities (Bartomeus et al. 2008). The un¬ 
pleasantly invasive giant hogweed ( Heracleum mante- 
gazzianum) also had a surprising slight positive effect 
on native pollinator abundance on Mimulus guttatus 
(Nielsen et al. 2008). All these cases underline the 
need to avoid assumptions about negative invasive ef¬ 
fects (see Mitchell et al. 2009), although a meta-anal- 
ysis across 40 available studies showed that negative 
effects of aliens on visitation to natives were much the 
commonest outcome, especially where flower shape 
and color were similar between the interacting species 
(Morales and Traveset 2009). 

It is generally assumed that imported nonnative 
plants are more likely to establish and spread if they are 
rather generalist in their pollination requirements (My¬ 
ers and Bazeley 2003); generalists should therefore be 
over-represented in existing lists of invasives. Howev¬ 
er, an analysis by Corbet (2006) for the British flora 
found no such association between flower type and re¬ 
corded increases or decreases, for natives or introduc¬ 
tions, and she assumed that factors other than pollina¬ 
tion system are more critical in determining colonizing 
ability; larger size and larger seed size are likely candi¬ 
dates (Crawley et al. 1996). Note that this fits with the 
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Impatiens case already referred to, where pollination 
is mainly by bumblebees but the plant itself is large 
and highly successful at explosive seed dispersal. 

The converse of the argument above would be that 
more specialized plants are likely to be more vulnera¬ 
ble to plant invasions and to associated effects on pol¬ 
linator communities (Johnson and Steiner 2000). Mo¬ 
rales and Aizen (2006) produced a pollination web for 
a temperate Argentinian community with many intro¬ 
duced aliens (both plant and animal) and found that 
both alien and native plants were visited by similar 
numbers of species, but that the aliens attracted a dif¬ 
ferent range of visitors and got far more than their 
“share” of visitors (they were 3.6% of all species but 
received more than 20% of all individual visits). Hence 
they may have taken visits away from natives and at 
the same time facilitated their own spread. 

Issues of rare plants and their pollination problems 
should come into play here. Kwak and Bekker (2006) 
analyzed visitor patterns for a range of plants in the 
Netherlands and found that the rare species were par¬ 
ticularly likely to be visited by bees in general, and 
especially bumblebees, although rather few received 
visits from the ubiquitous Apis mellifera. 

Diseases and Other Natural Threats 
to Key Pollinators 

There are a number of very real problems for honey¬ 
bees currently appearing in various parts of the world. 
Tracheal mites were recorded in the United States in 
1984 and are now present in most states. The mite Var- 
roa arrived there in 1987 and is a particular concern to 
beekeepers at present; it now occurs in over 30 states. 
Acaricides are expensive, and the mite is starting to 
become resistant anyway. Nosema is another parasite 
that affects 60% of all colonies, and foulbrood occurs 
in 2%. A new threat is the small hive beetle (Aethina 
tumida), which is native to sub-Saharan Africa where 
it parasitizes honeybees, but is currently invading 
North America where it infests bumblebee nests 
(Spiewok and Neumann 2006). Even if parasites do 
not always kill bees, they can often affect their forag¬ 
ing behavior and floral constancy (e.g., Otterstatter et 
al. 2005). And now there is the specter of sudden col¬ 
ony collapse disorder (CCD), which is under intensive 
investigation (e.g., Anderson and East 2008), and re¬ 


sponsible for loss of around one-third of US hives in 
2006-7. It is perhaps most likely to originate from a 
virus, with Israeli bee paralysis virus strongly impli¬ 
cated by some, but in practice one or more viral infec¬ 
tions carried by mites may be interacting with stresses 
from intensive management and/or from multiple in¬ 
secticidal or herbicidal influences. 

Taken together, these pest and disease issues have so 
far led to at least $200 million losses being incurred by 
beekeepers. In the United States, estimates by South- 
wick and Southwick as far back as 1992 suggested that 
50% of managed Apis in the northern states would 
soon be lost to tracheal mites and Varroa', and southern 
hives would be abandoned due to Africanization, giv¬ 
ing a net loss of around $2-$5 billion, even without 
CCD. The Africanization problem arrived in the United 
States permanently from 1990 and now has led to 80% 
of hives being given up in many southern areas; this 
could eventually rise to 100% loss in places. The num¬ 
ber of US hives peaked at 5.9 million in the late 1940s, 
then suffered a major drop due to organochlorine poi¬ 
soning before recovering fairly strongly; but numbers 
are now decreasing again, down to 2.7 million in 1995 
and much lower again by 2008. With these kinds of bee 
deficits, alfalfa losses alone might be worth over $300 
million; and for all crops, perhaps $5-$6 billion. Hives 
that used to cost only $40 to hire can now cost $150— 
$200 or more. Despite this potential “bonus” for the 
remaining beekeepers, the additional threat of cheap 
imported honey from Mexico and China is certainly 
not encouraging them to persist with their work. 

Other countries are less affected; indeed the stock 
of honeybees is probably still increasing globally (Ai¬ 
zen and Harder 2009). Some areas do already have 
similar problems though, or are aware that they could 
easily develop them. Hypothetical Varroa invasions to 
the (currently clean) Australian beekeeping industry 
have been modeled by Cook et al. (2007) and they es¬ 
timated that costs of $16—$38 million per year (loss of 
pollination service, reduced yields, and associated 
production costs) would be avoided only if the mite 
was kept at bay, to which end the Australian Govern¬ 
ment is directing very substantial effort. 

Clearly, if honeybee populations locally or globally 
do decline, native bees will be all the more important. 
Indeed, if other pollinators are encouraged properly, 
the US crop deficit could probably be reduced to just 
$ 1—$2 billion. 
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Figure 29.6 Possible effects of climate warming on both 
plants and pollinators, potentially creating temporal or 
spatial mismatches. (Redrawn from Hegland, Nielsen et al. 
2009.) 


Climate Change 

The general predicted effects of climate change (warm¬ 
ing temperatures, changing precipitation, increased 
frequency of extreme events) on biodiversity are well 
documented, as are the specific effects of higher tem¬ 
peratures on aspects of plant growth and reproduction 
(see Hedhly et al. 2009). The potential effects on spe¬ 
cies interactions have also been considered for at least 
three decades, because of the possibility of uncoupling 
the ecological interactions on which so much commu¬ 
nity structure depends (see Parmesan 2006; Hegland, 
Nelsen et al. 2009). Pollination ecology has often been 
a focus of speculation and modeling here, as attempts 
to quantify the value of pollination services became an 
issue for conservationists. The likelihood is of differ¬ 
ential effects on pollinating animals (which are rela¬ 
tively mobile and can shift their ranges rather quickly) 
and on plant reproduction (plants being essentially 
sessile and shifting range only slowly); hence the 
threat that some plants, especially those with more 
specialist needs, might lose their pollinators entirely 
through spatial or temporal mismatches has been at the 
core of this debate. Figure 29.6 summarizes possible 
effects (Hegland, Nielsen et al. 2009). 

Problems may be particularly acute for high-latitude 


and montane species, where early snowmelt and gla¬ 
cial melting lead to longer snow-free periods, but with 
the associated risk of longer drought that can truncate 
the growing and flowering period. 

Shifts in timing of flowering are already well docu¬ 
mented and generally close to linear (averaging around 
2.3 days per decade). Flowering is occurring about 8 
days earlier now in the vicinity of Boston, Massachu¬ 
setts (Primack et al. 2004), and similar changes have 
been recorded in an alpine landscape (Molau et al. 
2005) and in temperate UK sites (Fitter and Fitter 
2002). More spectacularly, Bowers (2007) estimated 
an advance of 20-41 days in Sonoran Desert shrubs, 
with the flowering curve shifted to peak in March rath¬ 
er than May. And in Spain an analysis of more than 
200,000 records of plant phenology showed marked 
effects in the majority of 118 species studied, with 
growing seasons earlier and longer, increasing by 18 
days on average, and with more synchronized onset of 
several key phases, although with temporal responses 
differing between plant taxa and causing shifts in in¬ 
terspecies relationships (Gordo and Sanz 2009). In- 
sect-pollinated plants may react more strongly than 
anemophilous species, and early-season bloomers are 
also probably the most sensitive (Miller-Rushing et al. 
2007). Plant ranges are also shifting by an average of 
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around 6 km northward per decade in the northern 
hemisphere (Parmesan and Yohe 2003). 

Some specific effects on animal phenology and dis¬ 
tribution also seem fairly clear. Kerr (2001) document¬ 
ed effects on butterfly species richness and heteroge¬ 
neity already occurring in Canada that were attributable 
to climate change, particularly evapotranspiration 
rates. Northward extensions of butterfly, moth, and 
bumblebee ranges in Europe and the United Kingdom 
have been reported. Apis bees and pierid butterflies 
both appear earlier in Spain now (Gordo and Sanz 
2006), and bumblebees appear up to 2 weeks earlier in 
Europe. Notable examples of range spread in the Unit¬ 
ed Kingdom are Bombus lapidarius, which used to be 
almost absent in southern Scotland but had become the 
single commonest bumblebee by the mid 1990s, and 
the hawkmoth Macroglossum, now occurring as far 
north as the Orkney Islands (pers. obs.). 

Climate change is manifested in the weather but of 
course underpinned by changes in atmospheric gases. 
In particular, raised C0 2 concentration is known to af¬ 
fect flowering times in many plants, probably interact¬ 
ing with photoperiod in its actions on developmental 
pathways. Memmott et al. (2007) incorporated simu¬ 
lated consequences of a doubling of atmospheric C0 2 
into a visitation network of 1429 visitors and 428 
plants. They found that the phenological shifts that re¬ 
sulted led to floral resource depletion for between 17% 
and 50% of all the animal visitors. It should be noted 
that there is as yet no clear evidence (other than model¬ 
ing) for climate-driven mismatches in pollinator inter¬ 
actions, although Hegland, Nielsen et al. (2009) offered 
some useful potential scenarios for further research. 

3. Overall Effects and Measures Needed 

Table 29.1 reviews some of the threats to pollinators 
and to pollination services and their likely impact on 
different aspects of the flower-animal interaction at the 
individual, population, and community levels (see Ai- 
zen and Vazquez 2006). The predicted effects are high¬ 
ly varied, as the above discussions should make clear, 
and we should not assume that all effects are going to 
be negative. But one fairly safe prediction is that al¬ 
most all of the kinds of perturbation that are currently 
worrying biologists will favor those plants that are 
more perturbation resistant. In many instances, anthro¬ 


pogenic disturbance has increased the dominance of 
one or a few generalist plants and pollinator species 
(e.g., Aizen and Feinsinger 1994a), and areas of dis¬ 
turbed habitat now sustain rather similar and conver¬ 
gent pollinator assemblages independent of the kind of 
disturbance experienced (Morales and Aizen 2006). In 
large parts of the Neotropics the most successful ben¬ 
eficiary of disturbance has been Apis mellifera, but 
unfortunately of the Africanized aggressive form 
(Goulson 2003). 

Note also that several of the key threats discussed 
above are interactive. For example, Rao et al. (2001) 
showed that fragmentation can increase herbivory, and 
this has knock-on effects for plant communities and 
hence pollinators. Rymer et al. (2005) found that lower 
reproductive success in rare rather than common spe¬ 
cies of Persoonia (Proteaceae) in Australia was being 
exacerbated both by more frequent fires and by intro¬ 
duced honeybees. Probably the best-documented ef¬ 
fects to date concern bumblebees, which have been 
carefully recorded by professionals and amateurs for 
at least a century. Kosior et al. (2007) summarized the 
known effects for much of Europe and reported that 
80% of the species and subspecies were under threat in 
at least one country, and 30% throughout their range. 
Extinctions had peaked in the period 1950-2000, with 
anthropogenic factors particularly implicated, espe¬ 
cially farming practices. 

There is an additional cause for concern in that a 
reduction in pollinators can dramatically change the 
direction of selection on floral traits, at least in some 
plants. For example Mimulus flowers produced small¬ 
er flowers with better selfing abilities when pollinators 
were excluded (Fishman and Willis 2008), potentially 
compounding the problems over evolutionary time. 

Many of the threats discussed above come down in 
the end to loss of the flowers on which pollinators de¬ 
pend. This is especially the case for bees, whose repro¬ 
ductive output is entirely dependent on flowers. Muller 
et al. (2006) attempted calculations of just how many 
flowers were needed for various solitary bees to raise 
one offspring, and arrived at figures ranging from 7 to 
1100 flowers, or 0.9 to 4.5 inflorescences, varying with 
bee species and host plant. They estimated that each 
bee normally only acquired 40% of the pollen in 
a flower on average, so that these values had to be 
multiplied by 2.5 to give a real value for the flower 
numbers needed, thereby suggesting that declines in 


Table 29.1 

Predicted Effects of Various Disturbance Factors on Pollination Systems 


Disturbance type 

Floral display 

Flower 

morphology 

Floral 

rewards 

Plant 

population 

size 

Plant 

population 

density 

Plant 

community 

diversity 

Pollinator 

diversity 

Pollinator 

abundance 

Fragmentation 

Inc. 

1 

Inc. 

Dec. 

Inc. or dec. 

Inc. or dec. 

Inc. or dec. 

Inc. or dec. 

Herbivory 

Inc. or dec. 

Dec. 

Dec. 

Dec. 

Dec. 

Inc. or dec. 

Inc. or dec. 

Inc. or dec. 

Introduced aliens 

Dec. 

? 

Dec. 

Dec. 

Dec. 

Inc. or dec. 

Inc. or dec. 

Inc. or dec. 

Biocides and fertilizers 

Dec. 

Dec. 

Dec. 

Dec. 

Dec. 

Inc. or dec. 

Dec. 

Dec. 

Fire 

Inc. 

7 

Inc. 

Inc. or dec. 

Inc. or dec. 

Inc. or dec. 

Inc. or dec. 

Inc. or dec. 

Harvesting and logging 

0 or Inc. 

7 

0 or inc. 

Dec. 

Dec. 

Inc. or dec. 

Inc. or dec. 

Inc. or dec. 


Source: Based on Aizen and Vazquez 2006. 
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many bee species could already be attributed to food 
shortage. 

What are the solutions? There is an urgent need to fo¬ 
cus on habitat management and use of reserves in 
terms of keeping floral diversity high and interactions 
intact, and not just in conserving particular species 
(Thompson 1997). This is inevitably tricky, requiring 
preservation of larger areas. In smaller areas that are 
already at least partly protected it usually makes good 
sense to remove exotics, to augment key native spe¬ 
cies, and to manage natural disturbance such as fires 
and herbivore activity very carefully. Management of 
the “matrix” landscapes between reserves is also need¬ 
ed, giving a “joined-up” approach (in more than one 
sense!). Replacing and encouraging the diversity of 
wider uncropped field margins and hedgerows has real 
benefits (e.g., Croxton et al. 2002; Carvell et al. 2004; 
Pywell et al. 2005), as do the set-aside habits of leav¬ 
ing areas of land fallow for several years at a time (De- 
courtye et al. 2007) or preserving even quite small 
patches of natural grassland (Ockinger and Smith 
2007), in both cases providing habitat and food over a 
longer flowering period and better-quality water re¬ 
sources with lower nitrogen levels. Naturally grazed 
meadows, gardens, and general green spaces in urban 
areas are also part of the picture. Many of the key ex¬ 
perts in this field have attempted a joint project to put 
all these factors together into a conceptual framework 
that can inform land-use practices (Kremen et al. 
2007), also resulting in a first attempt at a quantitative 
model of pollination services across landscapes (Lon- 
sdorf et al. 2009). 

It is encouraging that some restoration projects are 
already showing good returns. For example, restored 
hay meadows seemed to rapidly return to the same 
level of species diversity and interaction as old mead¬ 
ows (Forup and Memmott 2005a), and the same was 
broadly true for heathlands at least as assessed by pol¬ 
lination network analysis with regard to the main pol¬ 
linator taxa (Forup et al. 2008). Agri-environment 
schemes (“ecological compensation areas”) in Swit¬ 
zerland promoted diversity and abundance of hover- 
flies, solitary and social bees, and butterflies (Albrecht 
et al. 2007). Increased acreages of organic farming are 
also likely to help native plants and pollinator com¬ 
munities (Gabriel and Tscharntke 2007; Holzschuh et 
al. 2007). However, on the downside abandoned grass¬ 
lands undergoing restorative grazing are taking more 


than 5 years to recover their natural lepidopteran pop¬ 
ulations (Poyry et al. 2005), and pollinator biodiver¬ 
sity enhancement from high-quality remnant habitats 
near farmland has only a very limited spatial range 
(Kohler et al. 2008). 

Overall, a priority in temperate zones has to be to 
conserve and reinforce the hedgerows and their con¬ 
stituent plants such as dead-nettles, comfrey, clovers, 
and the herbaceous plants of marginal and fallow 
land, especially the more specialist long-corolla pe¬ 
rennials that tend to have more nectar than annuals 
(Fussell and Corbet 1992; Corbet 1995; Petanidou 
and Smets 1995). Table 29.2 gives a listing of particu¬ 
larly useful plants from a western Europe perspective, 
and similar lists could be readily assembled for other 
biogeographical regions. Of course hedgerows pro¬ 
vide not just food but also shelter and nesting sites for 
many pollinators, and in their vicinity patches of good 
butterfly larval food plants such as nettles and bed- 
straws are easily maintained. It is also very important 
to conserve the key cornucopia flora that attract the 
greatest range of insect visitors—in Europe this will 
include some of the species of Heracleum, Tarax¬ 
acum, Daucus, Aegopodium, Cirsium, Anthriscus, 
Senecio, Achillea, Rubus, and Knautia; and also Cal- 
luna in upland regions. Many of these are included in 
the “grass and wildflower” or “nectar and pollen” 
seed mixtures, available under such schemes as Coun¬ 
try Stewardship in the United Kingdom. It has also 
been shown that a mix of at least two flowering spe¬ 
cies planted around agricultural plots is significantly 
more attractive to bees and hoverflies (Pontin et al. 
2005; see fig. 29.7). 

An understanding of the specific needs of individu¬ 
al endangered pollinator species is also going to be es¬ 
sential, and bee biologists in particular have been put¬ 
ting effort into evaluating the minimum needs of at-risk 
solitary bees, in terms of the least numbers of their 
preferred host plants that are needed to supply their 
pollen budgets (e.g., Muller et al. 2006; Larsson and 
Franzen 2007). 

Extensive planting of nonnative ornamental plants 
has helped sustain pollinators in the urban environ¬ 
ments between natural habitats, for example in several 
regions of Florida (Koptur 2006). There, surprising 
substitutions can occur, for example the sausage tree 
Kigelia being pollinated by orioles instead of bats, and 
squirrels being at least partially effective in visiting the 
flowers of Bombax. Gardeners are generally useful in 
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Table 29.2 

Forage Plants of Particular Benefit in Wildlife Seed Mixtures 
to Favor Pollinators in Western Europe 


Species 

Common name 

Rank performance 

Leucanthemum vulgare 

Oxeye daisy 

1 

Trifolium pratense 

Clover 

2 

Lotus corniculatus 

Birdsfoot trefoil 

3 

Prunella vulgaris 

Self-heal 

4 

Centaurea nigra 

Knapweed 

5 

Hypochaeris radicata 

Cat's ear 

6 

Rhinanthus minor 

Yellow rattle 

7 

Lathyrus pratensis 

Meadow vetchling 

8 

Vicia cracca 

Cow vetch 

9 

Thymus polytrichus 

Thyme 

10 

Anthyllis vulneraria 

Kidney vetch 

11 

Stachys officinalis 

Woundwort, betony 

12 

Succisa pratensis 

Devil's bit scabious 

13 

Knautia arvensis 

Field scabious 

14 

Centaurea scabiosa 

Greater knapweed 

15 

Ajuga reptans 

Bugle 


Ballota nigra 

Horehound 


Cirsium vulgare 

Spear thistle 


Dipsacus fullonum 

Teasel 


Echium vulgare 

Viper's bugloss 


Clechoma hederacea 

Ground ivy 


Lamium album 

White deadnettle 


Lamium purpureum 

Purple deadnettle 


Odontites vernus 

Red bartsia 


Rubus fructicosus 

Bramble, blackberry 


Salix cinerea 

Gray willow 


Stachys sylvatica 

Hedge woundwort 


Symphytum officinale 

Comfrey 



Source: Based on Pywell et al. (2003) and Carvell et al. (2006). 

Note: The first 15 are given in their rank order of utility and ease of establishment; the others add 
forage in early spring and at other relative dearth periods. 


all relatively prosperous urban areas, especially when 
they choose their planting carefully. Urban gardens in 
North America harbor a rich bee biodiversity, although 
exotic species are over-represented (Matteson et al. 
2008). The current tendency to encourage more natu¬ 
ralistic planting and more native plants in gardens is 
helpful, with avoidance of particularly showy forms 
such as hybrid double flowers, as these often have re¬ 
duced nectar or are difficult for pollinators to access 


for nectar and pollen (and some are even bred to be 
pollen-free) (see Comba, Corbet, Barron et al. 1999; 
Comba, Corbet, Hunt et al. 1999; Corbet et al. 2001). 
Patches that are specifically “bee gardens,” “butterfly 
gardens,” and so on can readily be achieved, with ap¬ 
propriate nectariferous plants but also providing nest¬ 
ing sites and nesting materials or host plants. There 
is, however, some risk of unusual garden plants con¬ 
tributing to genetic variation in nearby native plants 
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Figure 29.7 The value of planting more than one type of 
flower to encourage pollinators; Phacelia on its own has 
real benefits, but simple and complex mixtures are often 
better for hoverflies. (Redrawn from Pontin et al. 2005.) 
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(Whelan et al. 2006), so that careful management may 
be needed to maintain the genetic integrity of natural 
populations. 

There are evidently very real problems to be faced, 
and hopefully resolved, if pollination services are to 


be preserved for the future. Above all, native pollina¬ 
tors and especially native bees do provide an insurance 
against the ongoing threats to pollination services from 
managed honeybees and should—for all possible 
reasons—be encouraged and cherished. 
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APPENDIX 


Currently Accepted Classification of Major Angiosperm Families 

From the Angiosperm Phylogeny Group, 2003, from which a full listing can be obtained 


Basal Families 

Amborellaceae 

Chloranthaceae 

Nymphaeaceae 

Austrobaileyales 

Austrobaileyaceae 

Schisandraceae 

Ceratophyllales 

Ceratophyllaceae 

Magnoliids 

Canellales 

Canellaceae 

Winteraceae 

Laurales 

Atherospermataceae 

Calycanthaceae 

Lauraceae 

Monimiaceae 

Magnoliales 

Annonaceae 

Magnoliaceae 

Myristicaceae 

Piperales 

Aristolochiaceae 

Piperaceae 

Ruppiaceae 

Zosteraceae 

Asparagales 

Alliaceae (=Agapanthaceae) 
Asparagaceae (=Agavaceae) 
Asphodelaceae 

Iridaceae 

Ixioliriaceae 

Orchidaceae 

Tecophilaeaceae 

Dioscoreales 

Dioscoreaceae 

Liliales 

Alstroemeriaceae 

Colchicaceae 

Liliaceae 

Melanthiaceae 

Smilacaceae 

Pandanales 

Cyclanthaceae 

Pandanaceae 

Commelinids 

Arecales 

Arecaceae 

Commelinales 

Commelinaceae 

MONOCOTS 

Acorales 

Acoraceae 

Alismatales 

Alismataceae 

Aponogetonaceae 

Araceae 

Hydrocharitaceae 

Juncaginaceae 

Potamogetonaceae 

Pontederiaceae 

Poales 

Bromeliaceae 

Cyperaceae 

Juncaceae 

Poaceae 

Typhaceae 

Zingiberales 

Cannaceae 

Costaceae 
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Heliconiaceae 

Marantaceae 

Musaceae 

Strelitziaceae 

Zingiberaceae 

EUDICOTS 

Buxaceae 

Proteales 

Proteaceae 

Ranunculales 

Berberidaceae 
Lardizabalaceae 
Papaveraceae (=Fumariaceae) 
Ranunculaceae 

Core Eudicots 

B erberidopsidaceae 
Dilleniaceae 
Gunnerales 

Gunneraceae 

Caryophyllales 

Aizoaceae 

Amaranthaceae 

Cactaceae 

Caryophyllaceae 

Droseraceae 

Frankeniaceae 

Nepenthaceae 

Nyctaginaceae 

Phytolaccaceae 

Plumbaginaceae 

Polygonaceae 

Portulacaceae 

Tamaricaceae 

Santalales 

Loranthaceae 

Olacaceae 

Santalaceae 

Saxifragales 

Cercidiphyllaceae 

Crassulaceae 

Grossulariaceae 

Hamamelidaceae 

Paeoniaceae 

Saxifragaceae 

Rosids 

Vitaceae 

Crossosomatales 

Crossosomataceae 


Geraniales 

Geraniaceae 

Melianthaceae (=Francoaceae) 
Myrtales 

Combretaceae 
Lythraceae 
Melastomataceae 
Myrtaceae 
Onagraceae 
Eurosids 1 

Zygophyllaceae 

Celastrales 

Celastraceae 

Parnassiaceae 

Cucurbitales 

Begoniaceae 

Cucurbitaceae 

Fabales 

Fabaceae 

Polygalaceae 

Fagales 

Betulaceae 

Casuarinaceae 

Fagaceae 

Juglandaceae 

Myricaceae 

Nothofagaceae 

Malpighiales 

Caryocaraceae 

Chrysobalanaceae 

Clusiaceae 

Euphorbiaceae 

Hypericaceae 

Linaceae 

Malpighiaceae 

Ochnaceae 

Passifloraceae (=Turneraceae) 
Podostemaceae 

Rhizophoraceae (=Erythroxylaceae) 
Salicaceae 
Violaceae 
Oxalidales 

Cunoniaceae 

Elaeocarpaceae 

Oxalidaceae 

Rosales 

Cannabaceae 

Elaeagnaceae 

Moraceae 
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Rhamnaceae 
Rosaceae 
Ulmaceae 
Urticaceae 
Eurosids II 
Brassicales 

Brassicaceae 

Caricaceae 

Resedaceae 

Tropaeolaceae 

Malvales 

Bixaceae 

Cistaceae 

Dipterocarpaceae 

Malvaceae 

Thymelaeaceae 

Sapindales 

Anacardiaceae 

Burseraceae 

Rutaceae 

Sapindaceae 

Asterids 

Cornales 

Cornaceae (=Nyssaceae) 
Hydrangeaceae 
Loasaceae 
Ericales 

Actinidiaceae 
Balsaminaceae 
Clethraceae 
Ericaceae 
Lecythidaceae 
Marcgraviaceae 
Myrsinaceae 
Polemoniaceae 
Primulaceae 
Sapotaceae 
Sarraceniaceae 
Styracaceae 
Theaceae 
Euasterids I 

Boraginaceae 

Icacinaceae 


Garry ales 

Garryaceae 

Gentianales 

Apocynaceae 

Gentianaceae 

Loganiaceae 

Rubiaceae 

Lamiales 

Acanthaceae 

Bignoniaceae 

Calceolariaceae 

Gesneriaceae 

Lamiaceae 

Lentibulariaceae 

Oleaceae 

Orobanchaceae 

Plantaginaceae 

Scrophulariaceae 

Verbenaceae 

Solanales 

Convolvulaceae 
Solanaceae 
Euasterids II 

Escalloniaceae 

Apiales 

Apiaceae 

Araliaceae 

Pittosporaceae 

Aquifoliales 

Aquifoliaceae 

Asterales 

Asteraceae 

Campanulaceae (=Lobeliaceae) 
Goodeniaceae 
Menyanthaceae 
Stylidiaceae 
Dipsacales 

Adoxaceae 

Caprifoliaceae (=Valerianaceae) 

Taxa of uncertain position 

Apodanthaceae 
B alanophoraceae 
Rafflesiaceae 
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GLOSSARY 


abdomen —in insects, the third part of the tripartite body 
(head, thorax, abdomen); in vertebrates, body section 
between thorax and pelvis. 

abiotic pollination — pollination not involving a living ani¬ 
mal vector; involving, instead, wind or water 
abort —expel an embryo or seed, or (more loosely) flower 
or fruit, before it has completed growth or maturation or 
performed its normal function 
abscission — shedding of body part, especially leaf, flower, 
fruit, or seed 

actinomorphic —having radial symmetry; divisible into 
symmetrical halves by more than one axis passing 
through the center 

active constancy — fidelity by a flower visitor to a particular 
species (or sometimes morph) in a location where several 
plant species are intermingled and readily available; cf. 
passive constancy 

active pollination —pollination by pollinators that have 
specific traits (morphological, behavioral, or both) that 
facilitate pick-up and transport of pollen, its deposition 
on stigmas, or both 

adaptationist —view that natural selection is always the 
prime explanation of evolutionary trait change, even 
without evidence; the term adaptationist storytelling is a 
critique of careless assumptions that disregard other pos¬ 
sible explanations and see causal links without proof of 
these existing 

adaptive radiation —increase in morphological or ecologi¬ 
cal diversity of a single, usually rapidly diversifying, lin¬ 
eage, with phenotypes adjusting in response to change in 
the environment; often associated with unoccupied envi¬ 
ronmental niches 

advertisement —any feature of flowers that indicates (hon¬ 
estly or by deception) their quality through the use of vi¬ 
sual, scent, or other “showy” signals 
agamospermy — asexual formation of embryos or seeds 
without fertilization, technically a type of apomixis but 
almost synonymous with this term for flowering plants; 
embryo arises either parthenogenetically from an unfer¬ 
tilized gametophytic egg or directly from sporophytic 
tissue 


alcohol —organic compound composed of a hydroxyl group 
(-OH) bound to a carbon atom of an alkyl group; exam¬ 
ples include ethanol, propanol, cyclohexanol; usually 
mildly scented, polar, and good solvents 
aliphatic compound —organic chemical composed of car¬ 
bon atoms linked in open chains rather than rings; in¬ 
cludes alkanes, alkenes, alkynes, fatty acids 
alkaloid —organic compound containing basic nitrogen at¬ 
oms but otherwise highly variable in structure; subdivid¬ 
ed as purines, pyridines, terpenoids, and many others; 
often toxic, defensive secondary chemicals in many 
plants; examples include nicotine, atropine, morphine, 
caffeine, quinine 

allele — one of several variant forms of a particular gene; 
results from slightly different DNA sequences at same 
gene locus; for diploid organisms, the genotype com¬ 
prises the particular pair of alleles present at a given lo¬ 
cus (two the same in the homozygous condition, two dif¬ 
ferent in the heterozygous state) 
allodapine —member of the subfamily of bees Allodapinae; 
usually solitary but some genera have varying degrees of 
sociality 

allogamy — cross-fertilization; pollen being received from 
or transported to a flower on a separate and genetically 
distinct plant and fusing with that plant’s ovules; also 
known as xenogamy 

allometry — scaling effect where change in size necessitates 
changes in design, so that closely related flowers of very 
different size can appear divergent; opposite of isometry 
altruistic —having behavior that benefits another individual 
without expectation of receiving any reward or benefit in 
return 

ambophily —both wind and insects have pollen-transferring 
effect; an evolutionarily transitional condition between 

anemophily and zoophily 

amine —organic compound with a basic nitrogen atom; 
usually derived from ammonia; examples include amino 
acids and various biogenic amines; often with somewhat 
‘fishy’ odor 

amino acid —organic compound containing both amine 
group and carboxyl group; linked in chains to form 
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polypeptides and proteins; individually important in 
metabolism as coenzymes and precursors for other 
molecules 

andrenid —member of large family of solitary bees (An- 
drenidae); usually relatively short-tongued 
androdioecious — (n., androdioecy) having both hermaph¬ 
rodite flowers and male flowers on different plants of the 
same species 

androecium — functionally male organs of flower, including 
stamens (filaments plus anthers) producing pollen 
anemophily — (adj., anemophilous) wind pollination; pollen 
from one plant being distributed to another in the air 
flow; main form of abiotic pollination 
angiosperm — true flowering seed plant, as distinct from 
nonflowering gymnosperm seed plants, such as conifers 
annual plant —plant that germinates, flowers, sets seed, and 
dies within one year (or one season), although some may 
live longer if prevented from setting seed 
antenna — one of a pair of appendages in insects, borne on 
the head, often segmented, bearing multiple sensilla, es¬ 
pecially tactile and chemoreceptive forms 
ant guard —ant that spends large part of its life on a plant 
and acts as a defensive system, deterring herbivores from 
eating foliage; sometimes resident in nests ( domatia ) 
provided by the plant; sometimes supplied with nutrients 
via extrafloral nectaries, food bodies, or both 
anther —upper part of male stamen, usually elongate, with 
visible slit or pore; structure in which pollen grains de¬ 
velop and are dispensed during dehiscence 
anthesis —period when flower is both open and sexually 
functional; or more specifically, the onset of that period 
anthochlor —yellow flavonoid floral pigment 
antliocyanidin —pigment that is the sugar-free counterpart 
of an anthocyanin 

anthocyanin —water-soluble, sugar-containing flavonoid 
pigment contained in plant vacuoles; usually red, blue, or 
purple; derived from an anthocyanidin 
anthophilous — literally “flower loving”; used in reference 
to insects and other animals that are attracted to and usu¬ 
ally feed on flowers 

anthophorine — member of the subfamily (Anthophorinae) 
of solitary bees; usually very hairy and long-tongued; 
also known as anthophorid 

anthoxanthin — water-soluble flavonoid floral pigment; 

usually white, cream, or yellow 
anthropogenic —relating to effects or processes that derives 
mainly from human activity, including environmental 
modification, pollutants, and wastes, and climatic 
change 

antioxidant —any molecule that can slow or stop oxidation 
of other molecules by removing free radical intermedi¬ 
ates in oxidative chain reactions; may protect plants from 
damaging oxidative stress 


antiselfing system — system that helps prevent self-pollina¬ 
tion, self-fertilization, or both in a plant, primarily by 
physically preventing access of self-pollen or by using a 
self-incompatibility (SI) mechanism 
aphrodisiac — substance that increases sexual desire; for ex¬ 
ample, volatiles produced by flowers to entice pseudo- 
copulatory pollinators, often by mimicking the visitors’ 
sexual pheromone(s) 

apical meristem — growing tip of a plant, with undifferenti¬ 
ated tissue, found in buds and root-tips 
apomixis —asexual reproduction through seeds; also known 
as agamospermy, although sometimes used more broad¬ 
ly to include asexual reproduction via plantlets or bul¬ 
bils; offspring are genetically identical to parent 
aposematism —combination of a warning signal with un¬ 
profitability or toxicity of a potential food item, most 
commonly in the form of “warning coloration” (though 
odors or sounds or behaviors may also occur) 
arboreal —living in or growing in trees 
aroid —common name for any member of the Araceae; a 
large spadix forms the inflorescence, often partly en¬ 
closed in a leaflike spathe 

asexual —broad term for reproduction not involving meio- 
sis (or fertilization); usually achieved by female gametes 
alone; includes budding, parthenogenesis, fission, aga¬ 
mospermy, or apomixis 

assortative mating —mating with a partner like oneself 
(positive) or very unlike oneself (negative); these behav¬ 
iors may reduce or increase variation in heritable traits, 
respectively, and can lead to disruptive or stabilizing 
natural selection 

asymmetry —lack of an axis of symmetry, as opposed to 
having radial or bilateral symmetry 
attractant —signal (visual, olfactory, etc.) that attracts mo¬ 
bile animals to a source; often used of colors and scents 
in flowers 

autogamy — self-fertilization, the opposite of allogamy; in 
hermaphrodite plants it occurs when pollen fuses with 
ovules from same individual flower, or flower on same 
plant (see also geitonogamy) 

automimic —palatable individual that mimics toxic mem¬ 
bers of same species 

bagging —process of enclosing flower bud in a bag just be¬ 
fore it opens to prevent pollinator access; useful commer¬ 
cially for some crops; also for pollination biologists when 
analyzing effect of subsequent single visits by known 
animals 

Bateman’s principle —concept that females invest more en¬ 
ergy in reproduction than males, so that females are usu¬ 
ally the limiting resource for which males compete 
bee-purple — color resulting from mixing the two ends of 
the bee visual spectrum (yellow and ultraviolet); not vis- 
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ible to humans but important for flower discrimination by 
bees 

bellflower —general term for any pendant and somewhat 
flared flower; more specifically, the type of flower in 
Campanula and related genera 
Bennettitales — extinct order of seed plants appearing from 
Triassic to end of Cretaceous, characterized by primitive 
flowerlike structures 

benzenoid —organic compound with ring structure of 
benzene-like character or containing at least one benzene 
ring; often present in flower scents 
bet-hedging — strategy to allow individuals to optimize their 
fitness in unpredictable circumstances by spreading the 
risk across different options, thus “not putting all one’s 
eggs in one basket” 

betalain —intense red or yellow indole-derived cell-sap 
pigment, with five- and six-carbon rings; found especial¬ 
ly in the Caryophyllales 

biennial —plant that takes two years to complete life cycle 
and only produces flowers in second year 
big bang flowering —form of highly synchronized mass 
flowering; individuals all flower together over a few days 
bilabiate — common zygomorphic, tubular flower form, 
with petals forming upper and lower lips; occurs in many 
angiosperm families 

bilateral symmetry — anything with two distinct sides; spe¬ 
cifically, a form of symmetry between two distinct sides 
of a structure, such as a flower, with just one midline axis 
of symmetry 

bimodal —any phenomenon with two peaks per day or per 
year, for example, two daily peaks of pollinator activity 
or of floral nectar secretion; cf. unimodal 
biogeography — distribution of animal and plant diversity 
over surface of the planet in both space and time 
biomass — all the biological material of living (and recently 
living) organisms 

biotic pollination — any system in which pollen is moved 
from anther to stigma by an animal vector 
bisexual —in reference to flowers, characterized by having 
both male and female reproductive structures; also termed 
perfect flowers, or hermaphrodite flowers 
blossom —functional flowering unit, whether one flower or 
a collection of flowers forming a coherent inflorescence 
(e.g., catkin or daisy); also used informally as a term for 
flowers on spring-flowering fruit trees 
bombyliid —bee fly, in the family Bombyliidae; feeds on 
nectar and pollen; often “bee-like,” being round and 
densely furry 

boreal —climatic or vegetational region in northern sub- 
Arctic zones 

bract —modified leaf associated with the base of a flower; 
often involved in advertisement, protection of flower, or 
both 


bromeliad —member of the family Bromeliaceae; mostly 
from South and Central America; monocot plants with 
large complex inflorescences, often epiphytic 
brood site — egg-laying or breeding site; mimicked by some 
flowers to entice visitors 

brush blossom —inflorescence with densely packed tiny 
flowers giving a flat or dome-like landing surface with 
protruding brush of anthers 

bud —undeveloped or embryonic shoot that will become 
leaf or flower 

budding — form of asexual reproduction; offspring growing 
out of rhizomes or runners of mature parent body (but 
also used in horticulture to denote the grafting of a bud 
onto another plant) 

bulbil —small, above-ground, bulb-like growth, often on 
stem, able to separate from parent as a form of asexual 
reproduction (see also viviparous) 
bulb —underground dormant plant, already containing 
modified leaves and flower buds; a food-storing stage 
bumblebee —member of the genus Bombus, in the family 
Apidae; important pollinators occurring mainly in north¬ 
ern hemisphere; social, with copious branching hairs, 
pollen baskets on hind legs; also refers to a few cuckoo 
bumblebees in the subgenus Psithyrus 
buzz pollination —technique used by many bees to release 
pollen from poricidal anthers by vibrating body against 
anther; also termed sonication 

caloric reward —in referrence to nectar, the total calories 
provided by a given flower or by a particular nectar in¬ 
take; readily calculated from the nectar volume and 
concentration 

calyx — outermost whorl of flower, consisting of leaflike 
structures (sepals); usually green and protective; some¬ 
times used for advertisement 
cantharophily —pollination by beetles 
capitulum — type of flower head characterized by bracts 
that lie flat below the base of the flower and by a short 
compact cluster of flowers above (as in composites, e.g., 
daisy) 

Carboniferous —geological period roughly 360-295 MYA; 
characterized by lush swamps of seed ferns, horsetails, 
club mosses, and true ferns, latterly with true conifers 
appearing 

carotene —terpene-based hydrocarbon pigment involved in 
photosynthesis; also produces orange coloration in plant 
parts including petals; fat soluble but not water soluble 
carotenoid —terpene-based pigment in plant plastids; 
comprises two types: hydrocarbon carotenes and oxy¬ 
genated alcohol forms, known as xanthophylls, both of 
which produce orange and yellow colors in flowers 
carpel —one component of a plant’s female organ system 
(gynoecium), which forms innermost whorl of flower; a 
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flower may have one carpel or several distinct or several 
fused carpels, each made up of ovary, style, and stigma; 
upper/visible part of carpel is commonly termed the 

pistil 

carrion beetle — beetle that feeds and lays eggs on dead or 
decaying animal tissue, including members of several 
families of Coleoptera (especially Silphidae); also known 
as burying beetles; attracted to certain flowers by scents 
and colors mimicking dead flesh, thus acting as 
pollinator 

carrion flower —flower that uses deceptive scents and col¬ 
ors to resemble dead or decaying animal carcasses, thus 
attracting and sometimes trapping carrion beetles and 
flies as pollinators 

carrion fly — fly that feeds and lays eggs on dead animal 
tissue, feces, or both; attracted to carrion flowers, which 
mimic the characteristics of such materials; occur in vari¬ 
ous families, including the Calliphoridae, Sarcophagidae, 
and Muscidae; also known as flesh flies and blow flies 
cell sap —dilute fluid contained with the large central vacu¬ 
ole of plant cells; important for cell water balance and 
turgor 

cellulose — linear polysaccharide (C 6 H 10 O 5 ) n formed from 
repeated glucose subunits; major component of rigid 
plant cell walls; most common organic compound on 
earth, approximately one-third of all plant biomass 
central-place foraging —specific behavior where animal 
forages out from and back to a fixed place (usually a 
nest) 

centripetal —directed to or moving toward a central point 
character displacement —accentuation of character differ¬ 
ences among similar species in regions where the species 
co-occur (assumed to be the result of competition); but 
such differences are minimized or lost where the species’ 
distributions do not overlap 

cheating —deception or imposture by one partner in a pol¬ 
lination relationship, either a flower appearing to offer a 
reward where none exists, or an animal acting as illegiti¬ 
mate visitor without effecting pollen transfer 
chelation — linkage of an organic ligand by at least two 
bonds to a central (usually metallic) atom 
chemoreceptor —chemosensor; sensory nerve cell respond¬ 
ing to chemical stimulus (taste or odor); located peripher¬ 
ally or within a specialized organ or centrally in the cen¬ 
tral nervous system (brain plus main nerve tracts) of an 
animal 

chiropterophily — pollination by bats 
chloroplast —organelle within plant cell that captures light 
energy and uses it to carry out photosynthesis 
chromatography — analytical technique for separating and 
identifying components of a mixture in liquid or gas 
phase 

chromosome —coiled and structured length of DNA, con¬ 


taining many genes and regulatory sequences as well as 
nonfunctional sections; normally wrapped within pro¬ 
teins inside cell nucleus; replicated and redivided into 
two at cell division 

chromosome number —precise number of chromosomes 
typical for a given species; 46 (as 23 pairs) in humans, 
can be as low as 2 (some ants) or more than 1,000 (some 
ferns) 

clade — taxonomic group defined as a single individual and 
all of its descendants, all having shared derived traits or 
characters 

cleistogamy — automatic self-pollination usually without 
the flower ever opening fully; occurs, for example, in 
some peanuts and some violets 

coadaptation —mutual adaptation between two species, 
each deriving a fitness benefit if the situation is a true 
mutualism; also used to refer to coadapted genes and 
gene complexes 

cob stigma —one type of stigma in a heterostylous plant; 
has a corn-cob appearance with coarse sculpturing and is 
receptive only to cob-type A pollen, which has similarly 
coarse surface (smaller sculpturing on the alternative 
papillate stigmas receives the less-textured, B type 
pollen) 

coevolution —change in genetic composition of one species 
in response to genetic change in another; each partner 
exerts selective pressure on the other; outcome may vary 
from coevolved change in amino acid sequences to cova¬ 
rying macrocharacters in interacting species such as pol¬ 
linators and flowers, predators and prey, or hosts and 
parasites 

coflowering —temporal overlap in the flowering periods of 
two or more species 

colletid —member of relatively primitive family of bees 
(Colletidae) with short bifid tongues 

colony homeostasis — tightly controlled environmental con¬ 
ditions within nest of a colonial/social animal, with fa¬ 
vorable temperatures and humidity, that are often main¬ 
tained by specific behaviors 

color constancy —one aspect of floral constancy; charac¬ 
terized by flower visitors returning repeatedly to species 
or morphs of the same color; (also used to describe an 
aspect of the visual perception system in animals that al¬ 
lows color to appear the same even in very different light¬ 
ing conditions) 

colorimetric —analytical technique relying on measurement 
of color change, color spectral composition, or color 
intensity 

color preference — innate preference for a particular color, 
especially of flowers; or learned preference, with color 
linked_to reward status 

color receptor —visual receptor with peak response at par¬ 
ticular wavelength, so responds mainly to one color 
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range; cones in vertebrates and eyes in insects often have 
two, three, or four varieties tuned to different colors 
(hence, dichromy, trichromy, tetrachromy, etc.) 
color space —model system for defining colors perceived 
by a particular animal with known color receptor proper¬ 
ties, each color being a point in a specific three-dimen¬ 
sional map (the color space) with axes corresponding to 
the receptor sensitivities 

column —in orchids, the fused male and female reproduc¬ 
tive organs (technically then a gynostemium), character¬ 
ized by stamens and pistils combined in an erect single 
organ in center of flower 

comparative analysis — (also comparative method)', in evo¬ 
lutionary biology, comparisons based on and taking into 
account the known phylogenetic relationship of species; 
often used to detect correlated changes in two or more 
traits or to decide if different clades of organisms differ 
significantly in some particular trait 
composite flower —member of family Asteraceae (= Com- 
positae); characterized by tightly clustered inflores¬ 
cences usually formed from outer ray florets and inner 
disk florets (e.g., daisies with white rays and yellow 
disks) 

cone (plant) — organ in conifers that contains reproductive 
structures between layers of tough scales; male cone less 
conspicuous and produces pollen; female cone larger and 
produces seeds; technically termed a strobilus 
cone (vertebrate) — color receptor in vertebrate eye 
congeneric —in the same genus 

conifer —cone-bearing woody seed plants within the gym- 
nosperms, technically known as Coniferae or Pinophyta; 
first appeared in late Carboniferous period, approxi¬ 
mately 300MYA; around 600-650 living species 
connectance —in pollination webs, the ratio of interactions 
actually observed to all possible interactions that could 
occur 

conspecific —of or within the same species 
contour intensity —relative proportion of edges (contours) 
to center in a shape; roughly equivalent to “edginess”; 
high in a daisy, low in a poppy 
convergence — separate and independent evolution of simi¬ 
lar traits in unrelated species; commonly seen in occur¬ 
rence of similar flower scents, shapes, or colors in differ¬ 
ent species that are visited by the same kinds of 
pollinators; can only be inferred if the plants are unrelat¬ 
ed and thus not similar simply because of common de¬ 
scent; pollination syndromes are, in effect, suites of 
convergent character traits 

corbicula —pollen basket in bees, serving as scopa; found 
on the hind tibiae of Apis, Bombus, stingless bees, and 
euglossine bees 

cornucopia flowering —pattern characterized by many 
flowers being produced for many days or weeks on end. 


giving a distinct seasonal flowering period, as in most 
temperate plants 

corolla — collective term for flower petals; located within 
the calyx and normally the most conspicuous part of a 
flower 

corona — outgrowth of corolla in daffodils and similar flow¬ 
ers, appearing as a second and separate inner corolla; 
frilly in passion flowers and trumpetlike in daffodils 
coronal scale — small scalelike appendage arising from up¬ 
per side of a petal; sometimes providing color contrast 
(e.g., forget-me-nots), sometimes expanded and fused to 
form distinct corona 

crepuscular —being active at twilight, meaning either dusk 
or both dawn and dusk 

Cretaceous —geological period roughly 145-65 MYA, 
when flowering plants first appeared 
crop (insect) —expanded area of the foregut; used as storage 
area 

crop (plant) — any plant grown in significant quantities to be 
harvested as food, fodder, or fuel; also refers to annual 
yield of such a plant 
cross-fertilization — see allogamy 

cross-pollinator —animal vector that delivers pollen from 
anthers of one plant to stigma of another individual but 
conspecific plant 

crypsis — technique to avoid detection by being hard to see 
(or sometimes hard to smell or otherwise detect); cryptic 
animals blend into their backgrounds 
cuckoo bee —bee that is kleptoparasitic, laying its eggs on 
the nectar and pollen provisions gathered by another bee 
of another species, so lacks scopae and has no nest of its 
own; usually closely related to host; evolved indepen¬ 
dently aboutl6 times in social bees and about 30 times in 
solitary bees 

cucurbit —plant in family Cucurbitaceae; includes gourds, 
pumpkins, melons, etc. 

cyanidin —natural pigment found in many red berries and 
red leaves; can be transformed into anthocyanins, which 
are also important as floral pigment, producing red and 
maroon colors 

cycad —seed-plant gymnosperm; mainly tropical, with 
large compound leaves as a crown above stout trunk; re¬ 
production via large cones 

cycloidea gene —gene involved in symmetry formation in 
many flowers 

cyme — (adj. cymose) inflorescence with flat-topped or 
domed flower clusters where central flower in each clus¬ 
ter opens first (e.g., tomato, dogwood) 

danaid —large tropical butterfly (subfamily Danainae) with 
reduced forelegs and often highly toxic due to sequestra¬ 
tion of chemicals from host plants fed on by caterpillar 
stage 
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deceit pollination — attraction of pollinators without offer¬ 
ing a reward, for example, by mimicking rewarding spe¬ 
cies; common in orchids and Araceae 
dehiscence — spontaneous or triggered opening of plant 
structure, most commonly used in relation to anthers 
opening to release pollen; also used to refer to opening 
sporangium of fern, or opening up of cased fruit or nut; 
sometimes for reopening of wound 
dehiscence furrow — line or groove along which anther 
normally splits open at dehiscence 
delphinidin —important anthocyanidin floral pigment; 

produces blue and purple colors 
dichasial —type of cymose inflorescence with two opposite 
lateral branches developing below each terminal flower 
dichogamy —sequential hermaphroditism; commonly 
flower is first male and then female (protandry) or, more 
rarely, vice versa (protogyny); usually a means of pre¬ 
venting self-fertilization 

dichotoma gene —gene involved in symmetry formation in 
many flowers (cf. cycloidea) 

dicot —member of dicotyledonous angiosperms, which 
have two embryonic seed leaves (cotyledons) appearing 
at germination; flower parts usually in multiples of four 
or five; includes labiates, composites, legumes, (see ap¬ 
pendix); informal term, not a strict monophyletic group 
diel —organized with a 24-hour periodicity 
diglyceride —organic compound with two fatty acid chains 
bonded to one glycerol molecule 
dioecious — (n., dioecy, dioecism) species with distinct male 
and female individuals; plant populations with separate 
male and female plants 

diploid —having two homologous copies of each chromo¬ 
some (2n), one from each parent; common state in most 
plants (though many are polyploid) and almost universal 
in animals; normally only reducing transiently to hap¬ 
loid gamete cells (n) in preparation for fertilization and 
reproduction 

dipterocarp —member of large tropical lowland plant fami¬ 
ly (Dipterocarpaceae) whose trees dominate rainforests 
of Southeast Asia 

directional selection — selective pressure favoring a single 
phenotype, so that allele frequency continues to shift in 
one direction over time 

disaccharide —carbohydrate (twelve-carbon) formed from 
condensation of two monosaccharides (e.g., of glucose 
and fructose to form sucrose, or of glucose and galactose 
to form lactose) 

disk floret —small tubular floret clustered at center of com¬ 
posite inflorescence such as a daisy, whose outer parts 
are usually flattened ray florets 
distyly — (adj., distylous) form of heterostyly characterized 
by just two morphs, long-styled and short-styled; most 
familiar in pin and thrum primroses 


diurnal —mainly active in the daytime (opposite of 
nocturnal) 

dominant gene — gene that always produces its effect on the 
phenotype, even if there is only one copy of it in the pair 
of alleles; effectively masks a nonidentical recessive 
allele 

dorsiventral symmetry —form of symmetry more common¬ 
ly known in flowers as bilateral 

echo location —biological sonar system used by bats and 
some other animals for navigation by sensing echoes that 
are bounced off objects in their path; used by some bats 
to detect presence and status of a few flowers 
ectotherm — (adj., ectothermic) an organism dependent on 
external heat sources (usually the sun, occasionally geo¬ 
thermal energy) to warm the body 
edaphic — affected by soil conditions (rather than climate or 
other external variables) 

EFN — see extrafloral nectary 

elaiophore —oil-producing (or more generally lipid-pro¬ 
ducing) gland or cell in a plant 
electroantennography — (EAG) laboratory system for mea¬ 
suring electrical activity in insects’ antennal cells 
(chemoreceptors), hence for detecting responses to 
flower volatiles, pheromones, etc.; produces 
electroantennogram 

emasculation — (v., emasculate) removal of genitalia from 
male animal, or anthers and pollen (hence, male gam¬ 
etes) from flower 

embryo sac — elongated sac inside ovule of seed plant with¬ 
in which embryo develops 

enantiostyly —polymorphic asymmetry in certain flowers 
having style deflected to left or right, producing mirror- 
image flowers 

endosperm —nutritive tissue in angiosperm seed, surround¬ 
ing embryo; formed from fusion of second haploid nu¬ 
cleus from pollen tube with 2 polar nuclei within em¬ 
bryo sac (so endosperm becomes triploid) 
endothermy — (adj., endothermic) organism able to gener¬ 
ate substantial heat internally from metabolic processes, 
so warming the body independently of solar radiation 
entomophagous —feeding on insects as major component 
of the diet 

entomopliily — (adj., entomophilous) pollination by insects 
ephemeral —short-lived, transient; in reference to plants, 
characterized by a life cycle of only a few weeks 
epidermis — outermost layer of organism; animal skin; a 
single-cell layer in plants 

epihydrophily —pollination at water surface using water as 
vector 

epiphyte —plant growing on the outer surfaces of another 
plant 

ester —organic compound derived from carboxylic acid 
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plus alcohol, glycerol, or phenol; common as floral fra¬ 
grance components 

ethylene — (also ethene); simple alkene, C,H 4 ; acts as plant 
hormone in flower opening, fruit ripening, and abscis¬ 
sion; can be triggered by wounding 
euglossine — member of bee subfamily Euglossinae; the 
Neotropical orchid bees, males of which collect floral 
perfumes in hind-leg pouches 

eusocial bee — species characterized by overlap of two gen¬ 
erations in communal nest, queen with her daughters 
(workers); includes honeybees, stingless bees, bumble¬ 
bees, and some others, with varying levels of caste dif¬ 
ferentiation and complexity 

exaptation — trait previously shaped by selection for one 
function but now used in another role for which it was not 
directly selected 

excreta — composite term for fecal and nitrogenous wastes, 
which are eliminated together in most insects and birds 
explosive pollen presentation — pollen presentation by sud¬ 
den synchronized dehiscence, often triggered by arrival 
of flower visitor (e.g., tripping in many legume flowers) 
extended flowering —flowers produced in small numbers 
each day over several weeks or months 
extrafloral nectary — (EFN); nectary sited outside flower, 
for example, on stems or bracts; may attract ant guards, 
which defend against herbivores, and/or may decoy ants 
away from flowers 

extrorse anther —anther with dehiscence furrow on outer 
surface, thus presenting pollen outward, away from fe¬ 
male organs in center of flower 
exudate — fluid emerging from plant surface, usually from 
stigma, and potentially a floral reward; also from nonflo¬ 
ral surfaces 

facultative —occurring only when needed or triggered; rela¬ 
tionship that is nonessential for participants or is a fall¬ 
back position, for example, selling occurring only if other 
routes to reproductive output have failed; opposite of 

obligate 

fall petal —lower petal in iris that bears nectar grooves and 
often a raised central “beard” (perhaps mimicking yellow 

pollen) 

family —taxonomic group contained within an order and in 
turn containing many genera; names end -idae in ani¬ 
mals, -aceae in plants 

female choice — selection (or rejection) of potential mates 
by females, usually on basis of male traits; in plants usu¬ 
ally achieved by physiological mechanisms in the pistil 
(though difficult to distinguish from pollen competition) 
female function —in flowers, the receipt of pollen grains 
on a stigma and the transmission of pollen nuclei to 
ovule followed by fertilization and seed production 
fertilization —in plants, the fusion of male (pollen grain) 


nucleus with female nucleus in ovule to form a zygote, 
restoring the diploid state and initiating embryonic seed 
formation 

filament —part of stamen; usually a thin stalk supporting 
terminal anther 

fitness —relative ability of an individual of a given geno¬ 
type to reproduce itself compared with other genotypes; 
manifested externally through the phenotype, which in¬ 
teracts with the environment, so that a given genotype 
does not always have the same fitness 
flabelliim — spoon-like or probe-like tip of glossa in many 
shorter-tongued bees 

flag petal —upper, erect, flag-like petal on some legume and 
iris-type flowers 

flavonoid —pigment, dissolved in cell sap, formed from a 
core of coupled six-carbon rings (usually an anthocyani- 
din) plus a sugar (therefore ketone-containing polyphe¬ 
nols); highly variable color range: yellow, red, blue 
floral/flower constancy — tendency of visitor to move reli¬ 
ably between flowers of same species (or morph within a 
species); benefits a plant via conspecific pollen transfer 
and a visitor via improved foraging efficiency 
floral display — overall advertising display of flowers on a 
plant; results from size, spacing, and longevity of indi¬ 
vidual flowers and their number 
floral fidelity — synonym of floral constancy; or a compos¬ 
ite of constancy and a more innate feeding specialization 
(oligolecty) in a visitor 

floral longevity — lifespan of flower in functional (recep¬ 
tive) state; usually hours or days, sometimes weeks 
floret —single floral unit within composite flower, especial¬ 
ly in Asteraceae, which may be either distinct ray florets 
or disk florets 

florivory — eating flowers; diet composed largely of flowers 
flower —complex structure usually with at least four whorls 
of substructures that collectively form the reproductive 
organ of an angiosperm; usually hermaphrodite, pro¬ 
ducing pollen from anthers and receiving incoming pol¬ 
len on stigma 

fodder pollen — in flowers with dimorphic anthers, pollen 
from the showier anthers taken as food by visitors (more 
cryptic anthers deposit reproductive pollen elsewhere on 
visitor’s body) 

folivory —eating of foliage; a diet largely composed of 
leaves 

food body — floral tissue offered as reward to visitor, often 
high in protein or lipid content; also nonfloral, nutrient- 
rich tissues that attract ant guards onto plants 
footprint —chemical signal deposited from the tarsi on a 
flower or plant (especially by social bees) as indication to 
others that it has been visited; a form of scent mark 
frequency-dependent selection selection of a phenotype 
whose fitness depends on its frequency relative to other 


650 • Glossary 


phenotypes in population; may be positive (higher fitness 
when more common) or negative (e.g., new strains of vi¬ 
rus, more successful while still rare and few hosts have 
acquired immunity) 

fructose — simple monosaccharide sugar common in nec¬ 
tar; combines with glucose to make sucrose 
fruit —loosely defined term covering most kinds of seeds 
formed from the swelling gynoecium that have some 
fleshy covering; often confused with seed and with 
vegetable 

fruit set —roughly synonymous with seed set; used rather 
loosely 

galea — (pi., galeae) paired mouthparts in tongue of bee that 
surround the maxillae 

gamete —haploid cell resulting from meiotic division; 
male or female participant in subsequent sexual repro¬ 
duction and fertilization that restores diploid state with 
new genetic constitution 

gametophyte —haploid multicellular tissue giving rise to 
and containing gamete(s); microgametophytes are pol¬ 
len grains, macrogametophytes are ovules 
gametophytic self-incompatibility — (GSI) self-incompati- 
bility reaction that occurs within the style in response to 
haploid genotype of a pollen grain as its pollen tube 
extends 

gamopetaly — (adj., gamopetalous) partial fusion of petals 
to form a tubular corolla 

gamosepaly — (adj., gamosepalous) partial fusion of sepals 
to form a tubelike cup for corolla 
geitonogamy —pollen export by vector out of one flower 
but only to another flower on same plant, where fusion 
with ovules occurs; genetically equivalent to self- 
pollination 

gene flow — transfer of alleles of genes from one population 
to another, or the pattern of this transfer; leads to in¬ 
creased genetic variability 

generalist flower —flower that lacks specific traits to attract 
specific visitors; also, a flower receiving visitors (acting 
as pollinators) from many taxa 
generative nucleus —reproductive nucleus within the pol¬ 
len grain (distinct from the tube nucleus ); divides to 
form two sperm nuclei 

genetic constraint —restriction on selection due to features 
of the genome itself; occurs, for example, when a heterozy¬ 
gote has greater fitness than either homozygote, or when 
there is a strong genetic correlation between traits 
genetic correlation — variance that two traits share because 
of underlying genetic links, usually the result of sharing 
influences from common genes 
genetic drift —change in relative frequency of particular al¬ 
lele in a given population because of random sampling 


(chance); not driven by adaptive processes; usually has a 
larger effect in small populations 
genome —entire hereditary information in an individual; 
embedded in DNA, both coding and noncoding sequenc¬ 
es; also a term for the full set of chromosomes 
genotype — internally coded heritable information in an or¬ 
ganism; detailed descriptor of the genome (cf. 
phenotype) 

genus — (pi., genera); taxonomic group contained within a 
family and in turn normally containing many species; 
first part of binomial name that defines a species, as in 
Apis mellifera , Apis being the genus 
germination —in pollen grains, the process of emerging 
from inactive dormant dehydrated state by taking up wa¬ 
ter and commencing growth into pollen tube 
gibberellic acid —(also gibberellin); plant growth sub¬ 
stance (hormone) controlling growth, development, and 
seed germination 

glossa —terminal portion of bee tongue; usually bristly and 
flexible 

glucose —simple monosaccharide sugar common in nectar 
glume —leaflike structure in grass; paired glumes enclose 
each flower cluster 

glycoside —organic molecule with sugar attached, usually 
producing an inactivated form; glycosidase enzymes pro¬ 
duce active form when needed 
gnetalean — member of small group of gymnosperms (Gn- 
etales) that use animal pollination 
grooming —(of pollen) cleansing of passively deposited 
pollen from its body, by a flower-visiting animal; pollen 
is either discarded or moved directly to mouth or, in bees, 
into a carrying area (scopa) 

gullet flower —tubular and bilateral flower form with land¬ 
ing platform and nototribic pollen deposition; especially 
common in the Lamiaceae, Acathaceae, and Gesneriace- 
ae and in orchids 

gymnosperm — seed plant with exposed seeds and lacking 
true flowers; includes conifers, cycads, etc., but is prob¬ 
ably not a monophyletic grouping 
gynodioecious — (n., gynodioecy) having both hermaphro¬ 
dite flowers and female flowers on different plants of the 
same species 

gynoecium —female organ system of a flower; composed of 
pistils containing carpels with ovules and a terminal 
stigma that receives pollen 

halictid —member of relatively primitive family of bees 
(Halictidae); fairly short-tongued, have scopae on hind 
legs; mostly solitary but includes some species with vary¬ 
ing degrees of sociality 

handling —movements and behaviors on and within the 
flower while feeding 
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hand-pollination —transfer of pollen by human intervention 
for scientific study or in crops whose natural pollinators 
are scarce or whose yield can be improved artificially 
haploid —condition of having just one copy of a chromo¬ 
some (n); usually occurs after meiotic cell division and is 
confined to gamete cells in preparation for fertilization 
and restoration of diploid (2n) state 
hawkmoth —member of one family of large moths (Sphin- 
gidae); commonly are heterothermic and have an ability 
to hover 

hemolymph — insect equivalent of blood; circulates through 
open spaces within body 

herbaceous plant —nonwoody or non-shrubby plant whose 
leaves and stems die back in winter 
herbivory — eating any or all parts of plants (foliage, seeds, 
flowers, stems, roots, etc.) 

heritability —the proportion of phenotypic variation in a 
population that is attributable to the genetic variation 
among individuals (the remaining variation being due to 
environmental factors); heritability values can range from 
Oto 1 

herkogamy — separation (spatially, temporally, or both) of 
male and female parts of flower; usually influences visi¬ 
tor behavior and reduces selfing 
hermaphrodite — organism having both male and female 
structures and functions; common state of most flowers 
heteranthy — (also heteranthery ) having two kinds of an¬ 
ther that are either temporally distinct in their dehiscence 
or are morphologically and functionally distinct (some 
cryptic and producing reproductive pollen, others showy 
and producing pollen as food for visitors) 
heteromorphic —having more than one morph; with refer¬ 
ence to a species or to a particular structure within a 
flower, as in heterostyly; opposite is homomorphic or 
monomorphic 

heterospecific —of or from another species; cf. conspecific 
heterostyly — (adj., heterostylous) having polymorphic 
styles, especially distyly with two different style lengths, 
often termed pin and thrum ; also known as reciprocal 
herkogamy 

heterotherm —intermediate between ectotherm and endo- 
therm; either an organism that is normally ectothermic 
but can generate heat internally for short periods when 
needed (e.g., many bees, some moths and beetles), or one 
that is normally endothermic but reverts to much lower 
endogenous heat production overnight or in seasonal tor¬ 
pidity (e.g., small hummingbirds, some small mammals; 
see temporal heterotherm) 

heterozygous —having two different alleles at a particular 
genetic locus; cf. homozygous 
hexose —a six-carbon sugar (monosaccharide), such as 
glucose or fructose 


homopteran —member of the insect order or suborder Ho- 
moptera (sometimes placed within the large order 
Hemiptera or true bugs, all with sucking mouthparts); for 
example, aphids, leafhoppers, scale insects, cicadas, etc.; 
may be an artificial assemblage, not monophyletic 
homostyly — characterized by only one kind of style; cf. 
heterostyly 

homozygous —having two identical alleles at a particular 
genetic locus, that is, on the two homologous chromo¬ 
somes; cf. heterozygous 

honeycreeper —flower-visiting bird in Hawaii and Neotrop¬ 
ics; member of the families Thraupidae or Fringillidae; 
often important as pollinators 

honey dew — sweet secretion from tubular glands (cornicles) 
on dorsal surface of many homopterans, who thus shed 
excess sugar gained from feeding on plant phloem; is 
used as a food source by other plant visitors, especially 
ants 

honey guide —in flowers, mark or structure indicating pres¬ 
ence and site of nectar; also termed nectar guide 
lioverfly —member of the fly family Syrphidae; such flies 
often feed on both pollen and nectar and are therefore 
important pollinators 

hummingbird —member of the family Trochilidae, strictly 
from the Americas; highly agile, hovering flower visitor 
hybrid —offspring resulting from outbreeding of different 
individuals or different species; the latter occurring natu¬ 
rally or by human intervention; usually, but not always, 
infertile 

hybrid vigor —(also heterosis , heterozygote advantage)', en¬ 
hancement of growth or performance resulting from out- 
breeding. with the hybrid appearing superior to either 
parent 

hydrocarbon — organic compound consisting entirely of hy¬ 
drogen and carbon atoms; for example, methane, ben¬ 
zene, polyethylene 

hydrophily —pollination using water as vector (many fresh¬ 
water plants and seagrasses) 

hymenopteran —member of insect order Hymenoptera, 
which includes ants, wasps, and bees 
hypohydrophily —pollination at depth within water, which 
serves as vector 

hypopharynx — unpaired mouthpart in flies; together with 
labrum normally forms a short tube (proboscis) above 
the labium; often used to regurgitate saliva 

ichneumon(id) —parasitoid wasp (family Ichneumonidae) 
within the order Hymenoptera 
illegitimate visitor —flower visitor that does not pollinate; 
takes nectar without touching anthers (or pollen without 
touching stigma), often due to physical mismatch with a 
particular flower type 
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inbreeding —reproduction between two genetically related 
individuals; cf. outcrossing 

inbreeding depression —reduced fitness resulting from re¬ 
production between two genetically related individuals 
because more recessive, potentially deleterious, traits 
can be manifested 

incompatibility — in pollen grain, the state of being unable 
to fertilize another plant, usually due to SI (self-incom¬ 
patibility) mechanisms 

indole —organic compound with a six-carbon and a five- 
carbon ring; flowery scent at low concentration but in¬ 
tense fecal smell if concentrated 
inferior ovary —ovary deep within flower; appears to arise 
below sepals and petals; probably derived condition; oc¬ 
curs in more advanced angiosperm groups 
inflorescence —massed cluster of flowers, usually forming 
functional unit in terms of attraction and display 
innate behavior —any behavior existing from birth, or in¬ 
born; not learned from experience 
innate preference — any preference not learned by experi¬ 
ence; present without prior training 
intersexual mimicry —resemblance between male and fe¬ 
male flowers in unisexual plants, usually female resem¬ 
bling male (e.g., appearing to offer pollen); strictly 
speaking, mimicry requires that a clear fitness benefit 
must accrue 

introrse anther —anther with dehiscence furrow on inner 
surface, thus presenting pollen inward toward female or¬ 
gans in center of flower 

inversion —in reference to sugars or nectar, the breakdown 
of disaccharides (usually sucrose) to monosaccharides 
(glucose and fructose) 

invertase —enzyme that catalyzes sugar inversion 
irregular (symmetry) — alternative term for bilateral or zy- 
gomorphic symmetry 

isometry — situation where size increase produces simple 
1:1 scaling-up of features; opposite of allometry 
isoprenoid —five-carbon unit (C 5 H g ) from which terpe¬ 
noids are formed; the basis of many scents 
isozyme —one of several versions of a particular enzyme 
having slightly differing amino acid sequence but same 
function 

Jurassic — geological period approximately 199-145 
MYA, between Triassic and Cretaceous; characterized 
by lush vegetation of conifers, cycads, seed ferns, and 
Bennettitales 

keel petal —lower central petal of legume flower; two such 
petals fuse to form a boat-shaped keel containing anthers 
and stigma, which are revealed during a flower visit; see 
also tripping 

ketone — aliphatic organic compound with carbon-oxygen 


double bond (C=0); usually volatile and water soluble; 
common component of floral scents 
kleptoparasitic — acting as a cuckoo; laying eggs in anoth¬ 
er’s nest 

labellum (fly) — one of pair of pads at tip of labium; used 
for lapping up liquids 

labellum (orchid) —enlarged lower petal often providing 
landing platform 

labiate —plant in family Lamiaceae (= Labiatae); usually 
zygomorphic with upper hoodlike petal and lower, ex¬ 
panded landing-platform petal(s) bearing nectar 
guides 

labium — rearmost unpaired mouthpart in insect; forms floor 
of food canal 

labrum —upper-most unpaired mouthpart in insect, forms 
roof of food canal 

landing platform — lower petal (or fused petals) in many 
flowers forming enlarged surface for visitors to land on; 
often with nectar guides and with ridges or surface tex¬ 
turing to aid grip 

latrorse anther —anther with dehiscence furrow on its 
side(s), thus presenting pollen laterally 
leaf-cutter bee —member of bee family Megachilidae; soli¬ 
tary bee normally lining its nest cells with small pieces of 
cut foliage; abdominal pollen carrier 
learned association —preference (or sometimes aversion) 
acquired from learning to link one feature (e.g., flower 
color or scent) with another (e.g., high reward) 
lectin — sugar-binding protein, often involved in cell-cell 
recognition 

leguminous —pertaining to large family Fabaceae, loosely 
termed legumes', includes mainly keel-type flowers (but 
also some brush blossoms and other designs) 
lek —gathering of males forming an enlarged display that 
attracts females as potential mates, who then choose be¬ 
tween the competing males 

lifetime reproductive success — number of surviving off¬ 
spring of an individual (though hard to define in prac¬ 
tice; often confounded by longevity and definitions of 
surviving ) 

lignin —complex biopolymer that is a component of wood; 
forms parts of secondary plant cell walls, especially of 
xylem 

linkage (web) — number of taxa with which a given species 
interacts (in a constructed visitation or pollination web) 
linkage disequilibrium —effect occurring when traits do 
not randomly associate at meiosis, either because they 
are on the same chromosome or are on different chromo¬ 
somes that retain some association during chromosome 
assortment 

lipid —molecular group that includes fatty acids, oils, wax¬ 
es, and sterols; hydrophobic; loosely known as fats 
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locule —one of (usually four) pollen sacs within an anther, 
often in two pairs arranged as thecae 
locus — specific site on chromosome of particular gene 
(normally having two alleles present on the paired chro¬ 
mosomes in the diploid state) 

MADS genes —homeotic genes controlling developmental 
processes in plants, especially of flowers 
male function —in flowers, the production and dispersal of 

pollen 

mandible (bird) —lower jaw bone, but commonly used to 
refer to both upper and lower halves of beak 
mandible (insect) —main paired biting mouthpart in insects; 
often reduced where mouthparts are used for nectar 
feeding 

marginal habitat —habitat with limiting environmental 
conditions; supports low biotic diversity (or is limiting 
for certain kinds of organism, which are thus poorly 
represented) 

mass flowering —sudden and highly synchronized flower¬ 
ing in plant population; opposite of extended flowering 
mate choice —usually of females choosing between males; 
see female choice 

maxilla — (pi., maxillae) one of pair of mouthparts forming 
major tubular part of tongue or proboscis in most nectar¬ 
feeding insects 

maxillary palp — sensory or manipulative palp borne on 
side of maxilla in many insects 
megachilid —member of family Megachilidae; solitary 
leaf-cutter bee with moderately long tongue and ventral 
abdominal scopa 

meiotic division — (also meiosis); process of diploid cell 
duplicating its chromosomes then splitting into four hap¬ 
loid cells, each of which can become a gamete 
meliponine — member of subfamily Meliponinae; social 
stingless bees within the Apidae 
melittid —member of family Melittidae; solitary bees with 
scopa on hind tarsi, fairly short bifid tongues, sometimes 
also are oil collectors 

melittophily —pollination by bees, though may be better 
split into several distinct pollination syndromes 
meristem —undifferentiated tissue (especially at stem and 
root tips) from which plant growth and development can 
occur 

mess pollination — visitation by generalists (beetles, 
some flies, etc.) that scrabble over flower surface often 
destroying some tissues but also transferring some 

pollen 

metapleural gland —gland on dorsal surface of some hy- 
menopterans, especially ants, which produces antimi¬ 
crobial compounds used in nest hygiene but are also 
damaging to pollen viability 

microclimate — localized climatic conditions measured on 


spatial (and temporal) scale appropriate to plant or insect, 
such as within a flower, under a leaf, etc. 
microorganism —informal term for any microscopic life 
form: protists, bacteria, viruses, etc. 
micropyle —narrow apical channel through integument of 
floral ovule; allows entry to pollen tube tip and hence 
delivery of male gametes 

mimicry —resemblance not linked to direct inheritance of 
similar traits, but achieved convergently; for example, 
flowers resembling shape, color, or scent of another spe¬ 
cies; styles mimicking anthers; flowers mimicking ani¬ 
mal traits to gain pseudocopulatory pollination; must 
give a fitness benefit to be classed as true mimicry 
mimicry ring — several convergently similar unrelated spe¬ 
cies benefitting from their mutual resemblance, for ex¬ 
ample, sharing pollinators by exploiting the search im¬ 
age formed by a particular visitor 
monocarpic —having single reproductive episode in life 
cycle (annual or biennial) 

monochromatic —light of very narrow band wavelength, 
appearing as one color; or visual system with only one 
type of color receptor; lacking color discrimination 
monocot —member of the monocotyledonous plant group, 
probably a monophyletic clade, having a single cotyle¬ 
don (seed leaf) at germination; floral structures usually in 
multiples of three; includes grasses, lilies, arums, palms, 
onions, orchids; cf. dicot 

monoecious — (n., monoecy, monoecism) having separate 
sex flowers that occur on same plant 
monolectic — (n., monolecty) using a single type of floral 
pollen for food (referring mainly to bees) 
monomorphic —having only one morph; cf. heteromor- 
phic and polymorphic) 

monophyletic (taxon) — a taxonomically correct clade, de¬ 
fined as containing an ancestor and all of its descendants, 
and characterized by shared derived characteristics 
monosaccharide — simple six-carbon sugar (glucose, fruc¬ 
tose, etc.) 

monoterpene — terpenoid formed from two isoprenoid 
units (therefore ten-carbon); very common as floral scent 
component 

morph — distinctly different forms within a species; for ex¬ 
ample, different floral colors, different scents, different 
style types, etc. 

morphogenesis —progression toward adult morphology 
with unfolding of developmental program 
mortality (rate) —measure of number of deaths per unit of 
population 

movement herkogamy —movement of floral parts in re¬ 
sponse to visitation that alters the relative positions of 
male and female organs 

mucilage —thick and sticky plant exudate, mostly glyco¬ 
protein 
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multiple bang flowering —synchronized mass flowering 
episodes; all or most individuals flower together over just 
a few days but in several successive bursts 
mutation —change in DNA sequence within genome, due 
to radiation, viruses, or other mutagens, or occurring 
naturally during meiosis 

mutualism —biological interaction beneficial (in terms of 
fitness) to both partners, may be facultative or obligate; 
most pollination interactions are classic mutualisms 
mycetophily —pollination by fungus gnats of flowers with 
parts resembling fungal gills 
myophily —pollination by flies 

myrmecophyte — (adj., myrmecophytic) plant that lives in a 
mutualistic obligate association with ants, providing food 
and/or shelter 

nastic response —undirected plant growth movements; cf. 
tropism, a directed movement toward or away from a 
stimulus 

nectar —sugary solution secreted from a nectary, normally 
within flowers, where it forms primary reward for most 
visitors, but sometimes also extraflorally, where ants and 
other insects may feed on it 

nectar guide — any marks or structures (usually on petals) 
that indicate presence or position of nectary to a flower 
visitor 

nectar homeostasis — ability in some flowers to maintain 
nectar reward at fairly constant level by resupply after 
visitors remove some or all of the fluid already secreted 
nectar resorption —recovery into floral tissue of unused or 
surplus nectar sugars; may be more widespread than cur¬ 
rently reported 

nectar spur —elongated tubular extension, usually formed 
from petals and at rear of a flower, in which nectar can be 
stored so providing suitable reward for long-tongued 
visitor 

nectar theft —removal of nectar from flower without effect¬ 
ing pollination (illegitimate or cheating visit) by either a 
small visitor (illegitimate visitor) entering corolla with¬ 
out touching anthers, or a visitor biting or piercing base 
of corolla from the outside or using such a hole made by 
others 

nectary —nectar-producing tissue, more or less discrete, 
potentially arising from many different floral or extraflo¬ 
ral tissues 

Neotropical —(n., Neotropics) from the tropical zones of 
the New World (North, Central, and South America and 
Caribbean islands) 

nestedness — a measure of order in ecological systems, 
higher nestedness indicating a more organized system; 
the degree to which species with few links have a subset 
of the links also used by other species, rather than a dif¬ 
ferent set of links; thus ecological systems are said to be 


nested when the species composition of a small assem¬ 
blage is a subset of a larger assemblage 
network —in ecology, the representation of all the biotic 
pairwise interactions in a given community that describe 
the structure of the system; often with relatively indepen¬ 
dent sub-networks (compartments) 
noctuid —member of moth family Noctuidae 
nonself-pollen —pollen from another individual and geneti¬ 
cally distinct plant of same species, or pollen from an¬ 
other species 

nototribic — flower with dorsal anthers and style that de¬ 
posit pollen onto (and receive pollen from) a visitor’s 
back; opposite of sternotribic 

nucellus — undifferentiated multicellular mass within floral 
ovule, one cell of which undergoes meiosis to give hap¬ 
loid cells, in turn forming embryo sac 
nut —dry seed with hard outer casing that does not open 
until forced by an animal 

nymphalid —butterfly in worldwide family Nymphalidae; 
has reduced forelegs 

obligate —occurring of necessity; a relationship that is es¬ 
sential for both partners, or a phenomenon, such as self- 
ing, that has to occur for any reproductive output in par¬ 
ticular plants; cf. facultative 

oil —liquid form of lipid; produced as reward in a few 
plants 

oligolectic — (n., oligolecty) using narrow range of floral 
pollens as food (referring mainly to bees) 
ommatidium —functional unit within insect compound eye; 
composed of about eight elongate cells, the inner margins 
of each containing a sensory rhabdomere 
ontogeny —development of organism from fertilized egg to 
mature form 

optimal diet theory —choices made between alternative di¬ 
etary items that permits optimal foraging success 
optimal foraging —maximizing energy intake per unit time 
while seaching for and gathering food; consuming as 
much as possible while expending least time and energy 
doing so 

orchid bee — member of subfamily Euglossinae within the 
Apidae; Neotropical, long-tongued, having varying de¬ 
grees of sociality; associated with trap-lining foraging 
and perfume collection from flowers, especially orchids 
ordered herkogamy — spatial separation of male and female 
structures in flower so that visitor meets them sequen¬ 
tially, for example, stigma central and anthers peripher¬ 
al, or stigma protruding further than anthers 
organic compound —carbon-based chemical (slightly arti¬ 
ficial term, excluding carbonates and cyanides, which are 
considered to be inorganic) 

ornitliophily —pollination by birds (hummingbirds and 
perching birds) 
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osmophore — specific scent gland in a flower, especially in 
carrion flowers and in orchids 

outbreeding — breeding of individuals that are not (geneti¬ 
cally) closely related, thus potentially increasing the 
number of heterozygous progeny 
outcrossing —synonym of outbreeding, although often 
used mainly to refer to crosses induced by human inter¬ 
vention (e.g., plant breeders) 

ovary —female organ; lower part of carpel in flower (below 
the style); comprises one or several ovules 
oviposition — egg-laying; sometimes occurs in flowers and 
is then sometimes related to pollination 
ovule —component of ovary within flower; usually attached 
to ovary wall internally; each ovule potentially produces 
one seed 

panicle —loose and highly branched type of inflorescence 
where each branch is a raceme 
papilionate —in reference to flowers, belonging to the Pap- 
ilionoideae subfamily of the Fabaceae; having keel-type 
structures and often rather butterfly-like in appearance 
papilla — small, often fingerlike protrusion occurring dense¬ 
ly on plant surface 

papillate stigma —one form of stigma in some heterosty- 
lous flowers, which has small surface papillae and reacts 
with pin-type pollen 

pappus —hairy calyx in disk floret of composite 
inflorescence 

parasitoid —insect that lays its eggs in another living organ¬ 
ism where they develop and hatch, the host dying as para- 
sitoids reach maturity; approximately intermediate be¬ 
tween parasites and predators; common in some flies and 
wasps 

parasocial bee — solitary bee living in physically close, 
communal group, sometimes sharing nests, but with no 
interaction across generations 

parenchyma — tissue formed from thin-walled, unspecial¬ 
ized cells, making up most of the bulk of a nonwoody 
plant; includes mesophyll in leaves and pith in stems 
passive constancy — constancy by a visitor to a particular 
flowering species when only one plant species is in flow¬ 
er or where flowering species are strongly aggregated 
and intraspecific movement is inevitable; cf. active 
constancy 

paternity analysis — determination of fatherhood, and hence 
gene flow and genetic structure in a community; usually 
uses microsatellite analysis 
pedicel —flower stalk 

pelargonidin — important anthocyanidin floral pigment 
that produces scarlet and orange colors 
pendant —in reference to flowers, hanging with corolla 
mouth pointing downward 
PER — see proboscis extension reflex 


perennial —plant that persists over many years, normally 
(but not necessarily) flowering and reproducing every 
year 

perianth — outer structures of flower, excluding the repro¬ 
ductive organs 

petal —one of inner whorl of corolla components; located 
inside the sepals and outside the reproductive androe- 
cium and gynoecium; petals are usually the main adver¬ 
tising structures 

petiole — stalk of a leaf; often used also as term for flower 
stalk 

phalaenophily —pollination by moths (often excluding the 
hovering hawkmoths) 

phenolic — organic chemical with one or more six-carbon 
phenol unit; includes tannins, lignin, and flavonoids 
phenological displacement —temporal shift of some aspect 
of life cycle, such as flowering time, when in competition 
with other species (see character displacement) 
phenology —periodic timing of life-cycle events in relation 
to seasonal and annual cycles 

phenotype — manifested physical properties of an organism 
(shape, physiology, behavior) as determined by interac¬ 
tion of its genotype and its environment 
pheromone — small, volatile organic chemical released 
from one organism that influences behavior of a conspe- 
cific, either sexually or in relation to territoriality, trail 
following, alarm, etc. 

phloem —tissue that conducts phloem sap, one of the two 
main circulating fluids in plants (cf. xylem); phloem sap 
has high sugar content and is main source of nectar 
components 

photoperiodic trigger —signal received from day length 
(thus at a specific time of year, independent of variable 
weather); causes change in behavior, growth, etc. 
photopigment —visual pigment responding to incident light 
within a photoreceptor; usually rhodopsin or a modifi¬ 
cation thereof 

photoreceptor —sensory receptor responding to photons of 
light, resulting in neural impulse sent to the central ner¬ 
vous system (brain plus main nerve tracts) of an animal; 
eye or subcomponent thereof 
photosynthate — sugars produced by photosynthesis 
phylogenetic analysis — analysis of morphological or mo¬ 
lecular data based on homology to produce a phyloge¬ 
netic tree or cladogram 

pin flower —one of two forms in distylous flowers; has 
elongate pin-like style set well above the anthers; oppo¬ 
site of thrum flower 

pistil —component of female gynoecium in flower; each 
flower has one or several pistils composed of style and 
ovary 

pistillate —female flower or phase of a hermaphrodite flow¬ 
er) having pistil but not (mature) stamens; cf. staminate 
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plant growth substance —plant equivalent of hormones in 
animals (often termed plant hormones but less specifi¬ 
cally defined than in animals) 

plastid —intracellular plant organelle, predominant type be¬ 
ing chloroplast 

pleiotropy —two or more traits affected by one chromosom¬ 
al locus and so genetically correlated; potentially pro¬ 
vides nonadaptive effects in one of the linked traits 
plumose —featherlike; used to describe, for example, hairs 
on bees, antennae on moths, or styles in certain plants 
pollen —male gametophyte of plant; as pollen grains; 
formed within pollen sacs of anthers and released at de¬ 
hiscence; primary reward in flowers originally (now 
more commonly secondary to nectar) 
pollen basket —complex scopa on hind leg of most social 
bees; also known as corbicula 
pollen carryover —pollen moved from one source flower to 
another via a visitor’s body, usually decreases with suc¬ 
cessive flowers visited 

pollen clogging —heterospecific or infertile pollen depos¬ 
ited on stigma and physically blocking it from receipt of 
useful, fertile, conspecific pollen 
pollen competition — selection acting between pollen 
grains on and within style for successful germination 
and faster pollen tube growth to achieve fertilization of 
ovules; underlying assumption is that an excess of pollen 
grains lands on a stigma initially 
pollen discounting —extent of ineffective self-pollination, 
which reduces number of pollen grains left for cross¬ 
pollination 

pollen dispersal —movement of pollen through a flowering 
community; is affected by amounts carried on visitors’ 
bodies, distance and direction of their travel, and pollen 
carryover between flowers visited 
pollen donor —flower or plant that is source of pollen re¬ 
ceived on a given stigma; also sometimes used more 
loosely to refer to a visitor bringing in pollen 
pollen dosing — ability of some anthers to control pollen 
release in spurts, by successively greater opening of de¬ 
hiscence furrow 

pollen grain — single pollen unit; contains haploid male 
gamete plus a haploid vegetative nucleus; has a protec¬ 
tive coat 

pollenkitt —outermost, oily and pigmented layer of a pollen 
grain coat 

pollen limitation —insufficient pollen receipt in a flower, 
with too few visits by pollen-bearing visitors, leading to 
reduced fitness 

pollen placement —deposition of pollen on visitor, ideally 
in precise location that will ensure subsequent transfer to 
stigma in another conspecific flower; more precise in 
more specialized flowers 

pollen press — area between tarsus and tibia on hind leg of 


honeybees and bumblebees that compresses collected 
pollen mass into pollen basket 
pollen/ovule ratio — (P/O) ratio of pollen grain number to 
number of ovules in a flower; high P/O is common in 
outcrossing plants, and especially high in anemophilous 
plants 

pollen tube — tube of tissue emerging from pore on pollen 
grain as it germinates, the tube then elongating down 
style to deliver male gamete to ovule 
pollen waster —term sometimes used for bees, and Apis in 
particular; their efficient grooming and pollen storing as 
larval food may leave little pollen remaining on their 
bodies for effective pollination of additional flowers 
pollinarium — (pi., pollinaria) complex of pollinium and its 
accessory stalk and viscid structures in orchids; com¬ 
monly transferred as one unit 

pollination —process of moving nonmotile pollen (male 
gametes) from anthers of one flower to stigma of another 
conspecific flower and thence toward female gamete in 
ovule; outcome is fertilization and seed production 
pollination effectiveness —measure of real value of a sup¬ 
posed pollination event: for example, the average number 
of conspecific outcrossing pollen grains deposited on a 
receptive stigma at an appropriate time by a given visitor 
in a single visit 

pollination fluid —sticky fluid on female gymnosperm 
cones that assists in pollen capture 
pollination syndrome — grouping of flower species (often 
from very different taxonomic groups) that have conver- 
gently evolved a particular suite of traits matched to 
attraction of and visitation by a particular kind of 
pollinator 

pollination web —mapping of all visits made to all flowers 
within a given community, showing all interactions that 
occur; in practice, is often just a “visitation” web, which 
does not distinguish effective pollinators from ineffec¬ 
tive/illegitimate visitors, and is a potentially misleading 
term for that reason 

pollinator —animal that both visits flowers regularly and ef¬ 
fectively transfers significant quantities of fertile pollen 
between anthers and nonself but conspecific stigmas 
pollinator limitation —poor levels of pollination because of 
insufficient numbers of pollinators, especially in mar¬ 
ginal or isolated habitats, or in poor weather; or due to 
plentiful but ineffective flower visitors being inadequate 
as pollinators 

pollinator service — service to plants provided by effective 
visitors; on a broader scale, the ecosystem service pro¬ 
vided by pollinators that may be under threat as pollina¬ 
tor numbers decline 

pollinium — (pi., pollinia) complex polyads found in or¬ 
chids and asclepiads, having all pollen grains from one 
anther bound together 
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poly ad —multiple pollen grains closely adherent and being 
moved together as one unit; usually multiples of four 
grains 

polycarpic —having multiple flowering episodes in a peren¬ 
nial lifestyle 

polylectic —using a wide range of floral pollens fairly indis¬ 
criminately as food (referring mainly to bees) 
polymorphic —having more than one morph (see also 
heteromorphic) 

polypeptide —chain of multiple amino acids; component of 
a protein, which normally has several polypeptide chains 
linked together 

polyploid —having more than the normal two (diploid) set 
of chromosomes; rather common in plants (which are 
often tetraploid or hexaploid), estimates varying from 
30% to 70% of species, and usually resulting from abnor¬ 
mal cell divisions during meiosis; may lead to 
speciation 

polysaccharide —chain or network of multiply linked sug¬ 
ars, for example, cellulose, starch 
polysporangiate —condition where anther locules are sub¬ 
divided internally so parts can dehisce separately 
poricidal anther —anther with a single pore (or just a few), 
usually terminal, from which pollen is dispensed usually 
by sonication (no elongate dehiscence furrows present) 
postsecretory change — change in nectar composition or 
concentration after the initial process of secretion; usual¬ 
ly linked to equilibration with environmental conditions 
poststigmatic — avoidance of selfing by chemical/physio¬ 
logical mechanisms within style tissue after pollen has 
landed on stigma 

prestigmatic — avoidance of selfing before pollen reaches 
stigma, usually by physical arrangement of male and fe¬ 
male parts in flower 

proboscis —tongue; especially, a composite term for insect 
tongue and particularly for its terminal components 
proboscis extension reflex — (PER) innate response in flies 
and other insects, the tongue extending as reflex in re¬ 
sponse to specific color or scent stimulus 
protandry — male phase preceding female phase in flowers, 
with anthers dehiscing before stigma is receptive; rela¬ 
tively common; cf. protogyny 
protogyny —female phase preceding male phase in flowers; 
cf. protandry 

pseudocopulation —form of pollination due to cheating, 
flower resembling (visually and often also by odor) fe¬ 
male of particular insect species, inducing naive male to 
attempt mating, during which pollen is deposited, or 
picked up, or both 

pseudostamen — any structure mimicking a stamen; usually 
appears to bear yellow pollen 

pseudotrachea —grooves on pad-like labella mouthparts of 
flies; aid in taking up nectar (and sometimes pollen) 


psychophily —pollination by butterflies 
pyrrolizidine alkaloid —highly toxic type of alkaloid from 
certain plants; taken up and used as a defense by special¬ 
ist insect feeders, especially by some butterflies 

quasi-social bee —form of parasocial bee; females cooper¬ 
ate on nest building and all retain active ovaries 

raceme — (adj., racemose) inflorescence that is unbranched, 
with row of single flowers along axis 
radial symmetry — the ancestral form of floral symmetry, 
with a circular display having many possible axes of 
symmetry through center, as in magnolias, poppies, dai¬ 
sies, etc. 

ray floret —small floret with strappy petal(s) toward periph¬ 
ery of most composite flowers, such as daisies (inner 
parts normally being tubular disk florets) 
receptacle — cone-like top of flower stalk, just below flower 
receptivity — of stigma to pollen, the ability to receive in¬ 
coming conspecific pollen and then allow it to germi¬ 
nate; often indicated by moist, sticky surface 
recessive gene —gene that only produces its effect on the 
phenotype if there are two copies of it in the pair of al¬ 
leles; otherwise it is masked by a dominant gene 
recurved —structure that curves back on itself 
reflexed —structure that is bent back on itself to varying 
degrees 

refractometer —instrument to measure refractive index; 
used for determining nectar concentration because the 
amount of solute in a solution affects the refraction of 
light 

regular symmetry — alternative term for radial symmetry 
reproductive assurance —fallback/fail-safe mechanism (of¬ 
ten a form of selfing) used when outcrossing has not 
occurred 

reproductive isolation —prevention of breeding between 
different species or populations either by prefertilization 
barriers (physical, behavioral) or postfertilization barri¬ 
ers (biochemical, genetic) 

resilin —protein occurring in insects that has exceptional 
rubberlike properties; allows springlike recovery of shape 
in flexible tongues and wing bases 
resin — sticky and often strongly scented gum-like sub¬ 
stance secreted by plant or flower; commonly terpenoid; 
often antibacterial and useful for bees in their nests 
resin gland —specific gland that produces resins as rewards 
to bees in a few plants 

retina — (adj., retinal) inner, sensitive lining of vertebrate 
eye that houses a layer of photoreceptors 
revolver flower —flower with ring of discrete nectaries 
within its base; appears like gun barrel in front view 
reward —any useful substance gathered from a flower by a 
visitor, including not only nectar and pollen but also oils, 
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resins, perfumes, etc.; forms the currency of the animal/ 
flower exchanges 

rhabdom —central sensory region of each unit (ommatidi- 
um) of insect eye, composed of rhabdomeres at inner 
margin of each ommatidial cell 
rhabdomere — sensory region of folded photoreceptor- 
containing membrane within each cell of ommatidium 
of insect compound eye 

rhizome —horizontal underground stem that sends out roots 
and shoots 

rhodopsin —visual pigment common to all animal photore¬ 
ceptors/eyes 

risk-sensitive/risk-averse foraging —making foraging de¬ 
cisions in variable environments; responding to risk in¬ 
volved by changing to the more stable feeding pattern 
option (some animals are risk prone or risk resistant and 
prefer the variable option) 

rostellum —modified third stigma in an orchid that forms a 
small projection on top of the column and produces a 
sticky exudate that helps stick pollinia to visitor 

saccus — (pi., sacci); air-filled space in pollen grains of 
many anemophilous flowers 
sapromyophily —pollination by carrion flies 
sawfly —member of order Symphyta (within Hymenoptera 
but lacking narrow waist of true wasps); often visitors to 
generalist flowers 

scent mark — volatile chemical signal deposited by animal 
often to maintain territoriality but used on flowers as in¬ 
dicator of recent visitation (see footprint) 
sclerenchyma — toughened, effectively dead, supporting 
tissue in woody plants; only lignified secondary walls 
remain 

scopa — (pi., scopae) storage area for pollen groomed off a 
bee’s body for transport back to nest; usually on legs, 
thorax, or ventral abdomen 

search image —mental picture (e.g., of flower type) formed 
by forager; focuses and facilitates location of appropriate 
food 

secondary pollen presentation —transfer of pollen from 
anthers to some other surface in flower (often on stigma 
or petals) before it is picked up by visitor 
seed —embryonic stage of plant; derived from ovule; cov¬ 
ered in protective seed coat and with some stored food 
reserves used during or after dispersal 
seed dispersal —movement or transport of seeds away from 
parent plant using abiotic (wind, water) or biotic (animal) 
vectors 

seed fern — several related but all extinct types of seed plant; 

Devonian to Cretaceous periods 
selection —process of individuals with advantageous 
(adaptive) traits being more successful than others and 
so contributing more offspring to the next generation; 


natural selection is the common form, but sexual selec¬ 
tion also occurs and artificial selection can be imposed 
by humans 

self-compatibility — ability of self-pollen to germinate and 
successfully fertilize ovules 
self-fertilization — see autogamy 

self-incompatibility — (SI) common phenomenon of self¬ 
pollen grains failing to germinate or being blocked in 
transit down the style, preventing selflng 
selfing —see self-pollination 

self-pollen —pollen from same flower or from another flow¬ 
er on same plant or clone 

self-pollination —pollination by pollen from same flower 
or same plant or same clone 

semelparous —organism reproducing just once before it 
dies; equivalent of being monocarpic in plants 
semisocial bee —form of parasocial bee; females cooperate 
on nest-building and only a few have active ovaries; oth¬ 
ers serve as workers 

senescence —natural ageing of leaf or flower, usually with 
wilting and then abscission from plant 
sepal —one of outer whorl of (usually green) floral parts that 
collectively form calyx; often with protective functions 
sequential hermaphrodite —flowers having only female or 
male structures and function at any one time but chang¬ 
ing sex across weeks, seasons, or years 
sesquiterpene — terpene with more than two isoprenoid 
subunits, common in floral odors 
sex ratio —ratio of male to female individuals in a popula¬ 
tion or species; primary sex ratio is at time of fertiliza¬ 
tion, may be modified through birth and maturity 
sexual —reproduction involving meiosis, where haploid 
gametes derived from diploid parents fuse to form a new 
diploid zygote genetically distinct from the parents; op¬ 
posite of asexual 

sexual dimorphism —morphological differences between 
males and females 

sexual selection — selective pressures operating between 
two sexes within a species: female choice of males as 
mates, male competition for females; often affecting sec¬ 
ondary sexual characters in animals 

SI —see self-incompatibility 

sieve plate —perforated plate between two phloem cells, the 
conducting sieve tubes 

SI loci —genetic loci (5 and Z loci) controlling self-incom- 
patibility reactions 

Silurian — geological period roughly 444^116 MYA, dur¬ 
ing which the first land plants appeared 
size dimorphism —occurrence of two or more different siz¬ 
es of structures (or of individuals) in a population or 
species 

social facilitation —individuals within a species (usually 
bees, from one colony) enhancing each other’s foraging, 
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for example, by recruiting to higher-reward flowers, 
patches, or species 

solar tracking — ability of some flowers to point directly at 
the sun at all times during daylight, following it through 
the daily cycle and thereby keeping warmer 
solitary bee —bee species with no level of social interaction, 
each female making and stocking her own nest for her 
own offspring; the commonest type of bee 
sonication — see buzz-pollination 

spadix —elongate, erect structure within inflorescences of 
Araceae; bears both male and female flowers at its base; 
housed within the protective spathe 
spathe —outer sheath-like structure of an Araceae inflores¬ 
cence; protects the spadix and often traps visitors within 
the chamber it encloses 

spatial resolution — optical quality of eyes measured as an¬ 
gular separation of two points that can just be detected 
separately 

specialist flower —flower having specific traits (color, shape, 
scent, reward) that attract specific visitors and may ex¬ 
clude others; also, a flower receiving visitors (acting as 
pollinators) from only a very limited range of related spe¬ 
cies or genera 

speciation —process by which new species arise; often be¬ 
cause of habitat fragmentation and reproductive 
isolation 

speciose —in reference to a taxon, rich in number of 
species 

spectral sensitivity —efficiency of detection of light in rela¬ 
tion to its wavelength or frequency; used to describe 
properties of photoreceptors 

sphingid —member of moth family Sphingidae, hawk- 
moths; distinct from other moths by being heterother- 
mic and able to hover 

spliingophily —pollination by hawkmoths (sphingids) 
spike — inflorescence type that is tall and erect with flowers 
opening usually in sequence along the spike length 
spikelet —grouping of small inconspicuous flowers in a 
grass 

spore —reproductive structure used for dispersal but has 
little or no food storage 

sporophyte —diploid part of life cycle (cf. gametophyte); 

main lifespan in flowering plants 
sporophytic self-incompatibility —reaction that occurs at 
stigmatic surface in response to genotypes of pollen 
grain and its parent (diploid, sporophytic) genotype 
stamen — one of several male organs forming androecium 
of flower; each stamen composed of basal stalk (fila¬ 
ment) and terminal pollen-producing anther 
staminal tube —nectar-containing tube formed between 
partially fused stamens in the keel of many leguminous 
flowers 

staminate —male flower (or phase of a hermaphrodite 


flower) having stamens but no mature or functional 

pistil(s); cf. pistillate 

staminode — structure formed from embryonically staminal 
tissue but infertile; often visually attractive and produc¬ 
ing fodder pollen but no reproductive pollen 
standard petal —central, single, erect petal of legume flow¬ 
er, usually the main display; also refers to one of the three 
erect petals in an iris-type flower 
standing crop — average amount of nectar available to 
natural forager in flower or flowering population; high 
when visitation rate is low, but in practice much reduced 
by recurring visitation, therefore not equivalent to 
nectar production measured from bagged, protected 
flowers 

steady-state flowering —flowers produced steadily in small 
numbers over a very long period, often aseasonally in 
tropics 

sternotribic — flower with ventral anthers and style that de¬ 
posit pollen onto (and receive pollen from) visitor’s un¬ 
derside; opposite of nototribic and less common 
stigma —upper or terminal portion of pistil, above the style, 
and on which pollen grains are received 
stigmatic exudate — sticky fluid on stigmatic surface that af¬ 
fects pollen reception and germination; sometimes gath¬ 
ered by flower visitors as reward 
stigmatic lobe — one of several (commonly two or three) 
lobes at tip of stigma, often opening as surface becomes 
receptive and closing again later 
stingless bee — member of tribe Meliponini, within family 
Apidae; eusocial bees with no stings but often producing 
defensive acidic fluid from mouthparts; common flower 
visitors in tropical/subtropical New World and southern 
continents 

strobilus — (pi., strobili); technical term for conifer’s cone 
style —lower, usually stalk-like, portion of pistil that sup¬ 
ports the stigma 

subsocial bee —female bee and her hatched offspring that 
occur together in one nest, producing overlap of genera¬ 
tions, but with no division of labor 
sucrose — disaccharide (twelve-carbon sugar) produced by 
condensation of glucose with fructose 
superior ovary — ovary set high in a flower that clearly aris¬ 
es above the point of origin of the sepals and petals 
sympatric — organisms with partially or fully overlapping 
geographical ranges 

synandry — several anthers uniting into one structure for all 
or part of their length 

synapomorphy — a trait characteristic and defining of a par¬ 
ticular clade, present in all the members of that group 
and in their common ancestor 

syncarpy — several carpels fusing together laterally and 
contributing to a single pistil 
syrphidfly — see hoverfly 
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tarsus — (pi., tarsi) terminal section of an insect leg, itself 
with several segments, often including proximally an en¬ 
larged metatarsus that may bear a scopa in bees 
taxon — (pi., taxa) one of the recognized hierarchical subdi¬ 
visions of living organisms, ranging from kingdom down 
to species/subspecies 

temperate —climatic and vegetational regions mainly oc¬ 
curring at midlatitudes, between tropics/savannahs and 
boreal/polar regions 

temporal herkogamy — change in relative position of an¬ 
thers and stigma as flower ages, for example, in 
protandrous and protogynous flowers 
temporal heterotherm — small endotherm that does not 
maintain fully raised metabolic rate at night (or some¬ 
times seasonally); state seen in many hummingbirds 
tepal —combined sepal and petal; thus, only one series of 
perianth parts occurs 

terpene —organic compound derived from isoprenoid units 
linked as chains or rings 

terpenoid —organic compound formed from two or three 
isoprenoid units, modified as esters, alkaloids, etc. (e.g., 
by oxidation) from a terpene; common plant chemicals 
with diverse, often defensive, functions and are common 
components of floral scents 

territoriality —behavior maintaining a defined area (usually 
foraging area) for one individual or group that deters en¬ 
try by others or excludes them by aggression 
territorial marking —signaling boundaries of an animal’s 
territories, usually with scent marks 
tetrachromatic — (n., tetrachromy) visual color discrimina¬ 
tion system based on four differently tuned photorecep¬ 
tor types; common in vertebrates 
tetrad —with reference to pollination, a group of four 
tightly joined pollen grains functioning as a unit, usu¬ 
ally due to nonseparation of four microspores during 
development 

theca — (pi., thecae) one of two paired structures composing 
an anther, each theca normally containing two pollen 
sacs or locules and opening at dehiscence to release 

pollen 

thermogenesis —internal heat generation by raised meta¬ 
bolic rate within body of animal or plant 
thorax —in insects, the second body section, located be¬ 
tween head and abdomen and bearing wings and legs; in 
vertebrates, upper part of trunk, containing heart and 
lungs and protected by rib-cage 
thrum flower —one of two morphs in distylous flowers; has 
short style set well below corolla mouth and below an¬ 
thers; cf. pin flower 

tibia — (pi., tibiae) segment of leg in both vertebrates and 
insects 

tongue-lashing —habit in some bees of regurgitating nectar 
onto tongue and waving resultant droplet around in air, 


evaporation then producing head cooling and/or nectar 
concentration 

tongue length —total functional length of tongue, especially 
in insects where proboscis has multiple components; 
useful measure of floral nectar accessibility 
torpid —having lowered metabolic rate at night/seasonally, 
saving energy in small endotherms; see temporal 
heterotherm 

trait —distinct variant of a particular phenotypic character; 

but often used almost synonymously with character 
transposon —highly mobile section of DNA in genome that 
can cause mutation by moving position 
trap flower —flower with constrictions or hairs that tempo¬ 
rarily trap visitors for minutes or hours, enhancing pollen 
deposition or adhesion; common in carrion flowers, 
some orchids 

trap-lining —pollinator movements between small numbers 
of widely spaced conspecific flowers along defined 
routes repeated across hours or days 
tree fern —cycads and their relatives; mainly wind polli¬ 
nated but with some animal-mediated pollen movement 
in certain groups 

trichome — fine epidermal hairlike growth on plant surface, 
often glandular 

trichromatic — (n., trichromy) visual color discrimination 
system based on three differently tuned photoreceptor 
types; common in insects, some mammals 
trip — flower-visiting episode, usually out from nest, around 
group of flowers, and back to nest; or period of flower 
visits between rests, where there is no nest 
tripping —process of releasing reproductive organs to spring 
upward from keel of leguminous flower; usually trig¬ 
gered by weight of visitor 

tristyly — (adj., tristylous) form of heterostyly with three 
style morphs 

trochilid —member of the mainly Neotropical bird family 
Trochilidae; hummingbird 

turgor —fluid pressure that is maintained in a plant and that 
keeps cells and vacuoles fully enlarged; cf. wilting 

ultraviolet —(UV) light wavelengths between 10 and 400 
nm; shorter than the human visual spectrum; important 
component of sunlight and detected by photoreceptors of 
many insects 

umbel —type of inflorescence with many short stalks 
spreading from a common central point; occurs especial¬ 
ly in Apiaceae and Alliaceae 
unicarpellate — pistil (or flower) with only one carpel 
unimodal —any temporal pattern with only one peak (see 
bimodal) 

unisexual flower —flower that is (permanently or temporar¬ 
ily) either male or female; cf. hermaphrodite 
unrewarding —in reference to flower, having no reward of 
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any kind for visitors (may be temporarily empty, or more 
permanently achieving visits by deception) 

valvate stamen — stamen that opens by rounded valve rath¬ 
er than a slit or furrow 

vector —any mover of pollen; wind, water, or animal 
vegetative —form of asexual reproduction without use of 
seeds or spores, new tissue arising and differentiating 
from meristem cells 

vegetative clone —plant produced by asexual (vegetative) 
reproduction from parent, therefore genetically identical 
to parent 

vegetative nucleus — (also tube nucleus) one of two haploid 
nuclei in pollen grain that passes down pollen tube and 
then disintegrates within the ovary 
vegetative trait —plant feature unrelated to reproductive 
parts and functions 

viability — ability to survive and function normally; in refer¬ 
ence to pollen, ability to germinate and effect 
fertilization 

viscid — thick and adhesive (of fluids) 
visual acuity — ability to distinguish shape, form, etc.; tech¬ 
nically a compound of sharpness of focus in photorecep¬ 
tors and interpretative abilities of the central nervous 
system of an animal 

visual discrimination — ability to recognize similarity and 
difference by eye, including pattern recognition 
visual spectrum —range of wavelengths distinguished by a 
particular visual system 


viviparous —giving rise to live young; often used in refer¬ 
ence to bulbils in plants 

volatile —chemical that readily disperses into vapor phase 
under normal environmental conditions 

water calyx —(also water jacket); cup-like base around 
flower formed by fused sepals that collects water and 
thereby excludes crawling insects (e.g., ants) from co¬ 
rolla and its rewards 

wilting — drooping of plant tissue as it loses turgor when 
insufficiently supplied with water; often followed by ab¬ 
scission of leaves or flowers 

wing petal —lateral petal of legume flower; two paired, ei¬ 
ther side of keel 

worker —of bees, diploid female offspring of eusocial bee 
queen that originates from fertilized eggs and carries out 
most of the work of the colony 

xanthophyll —pigment contained in plant plastid; normally 
yellow; oxygenated carotenoid 
xylem —conducting tissue formed of elongate dead cells in 
plants that circulates fluid, primarily water (see phloem) 

zoophily — (adj., zoophilous) pollination by animals 
zygomorphic —having bilateral symmetry; flowers with 
one midline axis of symmetry and obviously shaped for 
animals to land and probe for food 
zygote —early embryo formed after fertilization; usually 
diploid (but can be polypoloid in some plants) 
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SUBJECT INDEX 


abiotic pollination (wind, water), 5, 53, 88, 90, 94, 96, 97, 418-33 

abortion (of plant embryos, seeds), 59, 73, 83, 520, 573, 601 

abscission, 15, 216, 286, 489, 492, 545 

absolute specialization, 459 

Acanthaceae, 26, 36, 218, 266, 345—46, 349, 363 

acoustic (signal), 341, 359, 416 

acrocerid (fly), 306 

actinomorphic, 28, 30, 95, 472, 525 

active: constancy, 276; gathering (of pollen), 173, 280; pollination, 
173,230, 333, 544, 566-73 
activity patterns, 217, 329, 414, 415, 578-79 
acuity: scent, 147; sound, 358; visual, 115, 340 
Aculeata, 295, 298, 413 

adaptive: generalization, 461, 477; plasticity, 496; radiation, 8, 261, 
506, 601; response/effect, 32, 127, 199-200, 211-12, 216, 468, 
493; shift, 218, 274; trait/strategy, 54, 435, 461 
Adoxaceae, 46 

advertisement, 5, 9, 12, 14, 15, 17, 46, 48, 50, 53, 58, 101, 105-33, 
134-53, 158, 244, 276, 400, 434, 493, 516, 519, 529, 550, 
554-55, 563 

advertising costs, 236, 426 
Africanized honeybee, 623, 633 
agamospermy, 58, 71 
air sacs (on pollen), 159, 420, 423 
alarm: behavior, 547, 562; pheromone, 138, 297, 561-62 
alcohols: as scents, 135-36, 138, 141, 143, 145, 151, 228, 327, 
537-38; in nectar, 202, 373 
aliphatic compound, 135-37, 144-46, 537 
alkaloid, 107, 133, 180, 200-201, 225, 229, 557, 559 
allele, 68, 72-74, 79, 81-83, 99, 101, 203, 274, 520 
allelopathy, 161, 184 
Alliaceae, 26, 540 

allodapine bee, Allodapinae, 396, 404 
allogamy, 55, 68 

allometry, 50, 158, 324, 366, 381, 493, 516 
alpine habitats, pollination in, 40, 41, 44, 75, 149, 239, 300, 309, 
326, 330, 438, 468-69, 471, 486, 514, 591-98, 632 
altitude, pollination at, 100, 123, 140, 149, 201, 214, 232, 255, 

274, 329, 352, 357, 373, 420, 447, 469, 489-90, 508, 511, 
591-98 

altruism, altruistic behavior, 8, 98, 524 
Amaryllidaceae, 69, 113, 174, 237, 334 
Amazon basin, 140, 488, 583-84, 588 
ambophily, 89, 420 


Amborellaceae, 90-92 
ambush predator, 377, 550-52 
amine, 136-37, 319 

amino acid: in nectar, 198-200, 201, 216, 317, 320, 324, 330, 561; 
in pollen, 180, 325, 367; in pollination fluid, 89; in stigmatic 
exudate, 225 

Andes mountains, pollination in, 264, 271, 320, 352, 357, 366, 

448, 487, 592, 595, 596 

andrenid bee, Andrenidae, 175-76, 379-81, 383, 387-89, 398, 404, 
595 

androecium, 12, 13, 15-18, 37, 75, 132, 142, 236, 237, 529 
anemophily, 15, 71, 88-89, 96, 113, 151, 155, 158, 160-62, 164, 
177, 180, 183, 187, 415, 418-28, 444, 594, 632. See also wind 
pollination 

angiosperm, evolution of, 88-97, 137, 173, 190, 191, 230, 269, 
288,418, 428 

angraecoid (orchid), 207, 302, 334, 335, 349, 493, 602 
Annonaceae, 14, 137, 144, 146-47, 169, 230, 289, 290, 292, 294, 
301,302, 532,587-88 

annual plant, 50, 55, 70-72, 75, 219, 330, 420, 462, 464, 483, 489, 
515, 525, 558, 577, 580, 609, 628, 635 
ant: 95, 115, 298-99, 548, 550, 580, 629; pollination by, 299-301, 
539, 594, 598; repellence of, 149, 152, 547, 562-63; as thief, 
201, 208, 542-47, 549 
antechinus, 372, 375 

antenna: of bee, 125, 147, 395; of beetle, 290; of fly, 306, 307; of 
insect, 146, 567-68; of butterfly/moth, 322, 327, 332; electrical 
responses, 140, see also electroantennogram; ant guard/ant 
defense, 14, 152, 200-201, 547^18, 560-63, 567 
ant plant, 301, 454-55, 560-63. See also myrmecophyte 
anther, 4, 6, 13, 14-18; color, 17, 109, 124, 160-61, 173, 527; clos¬ 
ing, 168; dimorphic, 17-19, 160-61, 176, 180, 183-84, 529, 
see also heteranthy; extrorse, 15; introrse, 15, 48; latrorse, 15; 
lobe, 15, 163; number, 51, 54, 71, 74, 75, 77, 87, 292, 557, 558; 
opening, 162, 165-68, 183; poricidal/porose, 16, 173-74, 186, 
228, 386, 581; scent, 142—43; size, 15, 366, 420-22; tripping/ 
triggering system, 164, 166; visual signaling by, 11, 17, 158 
anther gland, 163 

anther movements, 17, 33, 37, 52, 53, 163-64 
anther oil, 222 

anthesis: 13; control/timing of, 168, 182, 198, 262, 266, 271, 286, 
367, 373, 430, 476,511,589 
anthochlor, 106, 107 
anthocyanidin, 105-8 
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anthocyanin, 105, 107-8, 110, 121, 129, 132-33,466 
anthomyid (fly), 307, 566, 597 

anthophorine bee, Anthophorinae, 176, 221, 224, 266, 380, 381, 

388, 404, 446,471, 497, 499, 581 
anthoxanthins, 105, 107 
anthropogenic effects, 71, 580, 622, 633 
antibacterial compound, 180, 223, 298 
antimicrobial compound, 202 
antioxidant, 200, 225 

antiselfing system, 83-87 
aphid, 384, 556, 617, 626 
aphrodisiac, 138 

Apiaceae, 26, 57, 75, 144, 198, 202, 237, 284, 289, 295, 297, 309, 
311, 313, 445, 463, 476, 488, 609, 610 
apical meristem, 12, 25 

Apidae/Apoidea, 94, 379, 380, 382, 383, 386, 388, 444. See also 
bee 

apiocerid (fly), 305, 306 
Apocrita, 295 
apomixis, 58 
aposematism, 124, 552 

aquatic plants, pollination of, 86, 162, 169, 419, 427-32, 545 
aroid/arum/Araceae, 26, 86, 137-38, 146, 157, 164, 169, 224, 228, 
230, 288, 289, 290, 291, 292, 294, 306, 309, 316, 319, 407, 
533-36, 566, 587 

arboreal: animal, 202, 371, 374, 585; flower, 373 
Arctic, pollination in, 115, 116, 123, 231-32, 239, 304, 417, 448, 
450, 468-71, 507, 514, 591-99 

asclepiad, Asclepiadaceae, 18, 59, 169, 170-71, 296, 297, 316, 

317, 354, 463, 470, 488, 489, 533-34 
asexual reproduction, 55, 58, 70, 237, 239, 255, 622 
asilid (fly), 305, 306 

associative learning, 148, 307, 308, 315, 327-28, 395, 400, 401 
assortative mating, 99, 101, 467 

Asteraceae, 11, 26, 47-49, 57, 58, 69, 75, 82, 107, 125, 156, 164, 
181, 196, 197, 239, 289, 293, 295, 302, 309, 311, 313, 331, 348, 

389, 391, 404, 408, 422, 436, 445, 463, 476, 488, 500, 502, 507, 

509, 510, 532, 547, 595, 609, 621. See also composites 

asymmetry: of flower, floral parts, 22, 30, 31, 44, 48, 97, 130, 364, 
393, 527; of interaction/specialization, 222, 336, 382, 449, 
451-56, 462, 473, 477, 583, 620, 624 
atropine, 107 

attractant: in flowers, 5, 8, 14, 40, 58, 134, 138, 140, 146, 152, 161, 
180, 202, 226, 234, 249, 264, 286, 320, 327, 335, 345, 461, 467, 

492, 495, 505, 506, 533, 537, 540, 561, 562, 566, 618; of polli¬ 

nator, 138, 150, 359 
auditory signal, 53, 152 

autogamy, 55, 68, 69, 83, 187, 486, 494, 499, 594, 595, 600, 601, 
618, 623. See also self-fertilization 
automimicry, 235, 530 

axis: of specialization, 472, 474-75; of symmetry, 30, 74, 79 

bacteria, in nectar, 198, 202; protection against, 155, 161, 172, 180, 
223, 298 

bagging (of flowers), 128-29, 211, 216, 375, 508, 608 
base-working, 543 

bat, pollination by, 5, 7, 14, 15, 38, 41, 47, 50, 67, 95-96, 112, 
118-19, 145—46, 147, 152, 153, 157-58, 166, 169, 167, 179, 


180, 196-99, 202^1, 206-7, 210, 211, 229, 234-35, 238, 

240- 14, 249, 262, 264, 266, 267, 269, 280, 286, 356-369, 371, 
375-76, 417, 443, 462, 467, 468, 472, 476, 487, 490-91, 509, 
514, 519, 551, 552, 564, 577, 578, 586-88, 591, 599, 602, 606, 
607,614,616, 621,622 

Bateman index, 277 
Bateman’s principle, 51 

beak (bird): 6, 160, 169, 263, 338-40; 342-1, 347, 349, 353-54, 
468, 471, 472, 519, 543, 601, 602 
bee, pollination by, 4, 5, 7, 11, 15, 16, 23, 25, 30, 31, 32, 33, 36, 
38—12, 44-46, 54, 59, 61-62, 64-66, 67, 74, 75, 77, 79, 80, 84, 
87, 94-95, 100, 101, 110, 111, 112-32, 134, 138, 140, 145-50, 
153-53, 154, 161, 162-64, 166, 167-8, 170, 172-76, 178-81, 
183-84, 187, 192, 196-210, 215, 217-219, 221-228, 230-236, 

241- 47, 248, 249-257, 261-287, 291-92, 296, 303, 320-21, 

333, 335, 340, 342, 352, 377, 378-117, 419, 421, 436, 438-39, 
442-148, 450, 454-155, 458, 461-79, 484^186, 491, 495-502, 
507, 510-11, 514-15, 516-522, 525-27, 531-33, 536-540. See 
also bumblebee, honeybee, etc. 

bee fly. See bombyliid 

“bee garden,” 636 

bee eater (bird), 550, 551 

beekeeper, 609, 613, 615, 631 

“bee kiss,” 173 

bee-purple, 113, 116, 394 

bee-wolf, 550, 551 

beetle, pollination by: 5, 30, 46, 50, 64, 74, 75, 89, 92, 95, 115, 
118-20, 124, 130, 140, 145^17, 154, 157, 161, 192, 196, 197, 
225, 229, 249, 262, 275, 277, 288-95, 308, 444-45, 462, 
469-71, 476, 526, 532, 535-36, 559-60, 580-81, 586-88, 
606-607, 613; blister, 293; byturid, 290; cantharid, 288-89, 294; 
cerambycid, 288-89; chafer, 289-90; chrysomelid, 146^-7, 289, 
293, 294; click/elaterid, 84, 289, 293; dynastine, 144, 535-36; 
flower, 64, 542, 613; hive, 631; ladybird, 301; hopliine, 293, 

471; leaf, 289; longhorn, 288-89; meloid, 289; monkey, 118, 
288-89, 293, 626; pollen, 40, 152, 289, 293, 559; rove, 289; 
scarab, 144-45, 230, 288-90, 292, 293-94, 581; soldier, 288-89 
“beetle marks,” 293 
bellbird, 338, 339, 601, 602 
Beltian body, 561 
Bennettitales, 90 

benzenoid, 135-37, 143-46, 226, 228, 327 
Bergmann’s Rule, 594 
betalain, 105-7 
bet-hedging, 252, 267, 486 
Betulaceae, 57, 420, 421 
bibionid (fly), 304, 305, 613 
biennial plant, 471, 483 
big bang flowering, 248, 484-85, 589-90 
Bignoniaceae, 14, 82, 346, 349, 362, 363, 532, 545, 590, 603 
bilabiate: flower, 36-37, 42, 44, 291, 293; symmetry, 30 
bilateral symmetry, 11, 14, 28, 30-31, 36, 40, 50, 94, 97, 173, 263, 
279, 378, 398, 400, 471, 476, 540 
bimodal pattern/distribution, 413, 531, 578 
biogeography: of islands, 599, 604; patterns of, 123, 173, 211, 469, 
507 

biomass: of animals, 298, 413; of flowers, 50, 236-38; of plants, 
85, 536, 556, 577, 579, 592 
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biotic defence, 301, 548, 560-63 
“blank.” See empty flower 

blossom, 24-28, 45, 48, 334, 349, 362, 373, 462-63, 494, 585 
bluebottle, 305, 306, 309 

Bombacaceae, 47, 82, 362, 363, 372, 373, 375, 509, 587 
bombyliid, Bombyliidae, 77, 118, 122, 232, 254, 282, 285, 305, 
306, 307,310-11,444, 581 

Boraginaceae, 16, 26, 35, 78, 83, 125, 126, 174, 310, 385, 404, 

408, 445, 488, 601 

boreal regions, pollination in, 75, 85, 417, 418, 451, 468, 524, 
591-99, 626, 628 

bouquet (of flower scent), 134, 137, 138, 143, 146, 148, 150, 328, 
395, 538, 562 

Brachycera, 305, 306, 309, 450 
braconid wasp, 295 

bract, 12, 13, 14, 38, 101, 109, 121, 130-31, 224, 229, 248, 291, 
302, 347, 349, 350-52, 366, 375, 421-23, 425, 545-46, 563 
Brassicaceae, 12, 34, 75, 82, 196-97, 289. 302, 311, 313, 488, 555, 
582, 609 

bromeliad, Bromeliaceae, 14, 26, 286, 347, 348, 360, 

555,587 

brood site: mimicry, 315-16, 532-36; mutualism, 138, 229-30, 
302, 536, 565-74; parasites, 309 
brush blossom (brush flower), 17, 45—47, 76, 95, 215, 334, 347, 
349, 356, 362-64, 374, 409 
Bt {Bacillus thuringensis), 626 

bud, effects in pollination, 12, 43, 44, 56, 126, 164-65, 269, 351, 
360, 548, 555, 566, 589, 594 
budding, 58, 592 

bulb/bulbous plant, 42, 292-93, 374, 577, 580, 582 
bulbil, 58, 255, 614 

bumblebee: 380, 407-13, 619; colony/sociality, 396, 413; commu¬ 
nication in, 413; constancy, 133, 269, 278-79, 391, 410-11, 514, 
597; energetics of, 241, 245, 413; flowers, 40^-2, 44, 45, 100, 
212, 255, 274, 276-78, 282, 387, 409, 436, 465, 594, 606, 610, 
613; foraging trips, 26, 412, 496-97, 551; as introductions, 600, 
602, 607, 615, 629; leaming/preferences in, 15 31, 110, 118, 

122, 124, 125, 129, 198, 206, 246, 278, 394-95, 398-101, 
410-12, 500, 527; pollen movement by, 61, 64-66, 163, 170, 
176, 283, 286, 392, 454, 522, 603, 612; scent-marking, 149-50; 
temperature regulation, 241, 250; tongue length, 38, 268, 

384-86, 410, 468, 516-17, 543^14, 594; vision, 112, 115; water 
balance, 210 
bushmeat, 614 

butterfly: 5, 94-95, 100, 262, 284, 322-32, 445, 462,474, 491, 

497, 577, 580-81, 586, 633; activity/foraging patterns, 67, 329; 
energetics, 242; flowers, 125, 169, 170, 196, 329-33, 514-15; 
learning/preference, 118-20, 127, 197, 199, 204, 218, 276-78; 
nectar feeding, 204, 218; olfaction in, 144-45, 327; proboscis of, 
206, 323-26; vision of, 112-15, 118, 120, 326-27 
“butterfly garden,” 636 
“buzz-milking,” 175 

buzz pollination, 161, 173-76, 177, 183, 186, 221, 313, 387, 388, 
391,405,471,581,606,615 

caffeine, 201 

Calliphoridae, 251, 284, 285, 297, 305, 307-9, 313, 316-17, 534, 
607 


caloric reward: of nectar; 9, 71, 191, 196, 206, 207-10, 235-37, 
241, 245, 253, 337, 352, 361, 384, 400; of pollen; 236 
Calyptratae, 306 

calyx, 12-14, 33, 35, 38, 42, 48, 78, 149, 192, 237, 271, 298, 383, 
422, 545^16, 564 

Campanulaceae, 33, 40—11, 46, 75, 335, 349, 363, 525, 602 
Canary Islands, 210, 440, 599 

canopy: flowering/pollination in, 225-26, 247, 252, 263, 291, 417, 
469, 487, 502, 509, 547, 585-89 
Cantharidae, 288, 289, 294 
cantharophily, 262, 289-95 
Cape flora, pollination of, 101, 473, 514, 580-81 
capillary take-up: of fragrance, 225; of nectar; 195, 206, 207, 217, 
339, 344, 358, 367, 379; 
of oils, 222 

capitulum, 27, 28, 47^19, 303, 307, 348, 349 
Caprifoliaceae, 16, 26, 46, 349, 

carbon dioxide as signal: in figs, 579; in flowers, 151, 316 
Carboniferous, 88, 90, 96 
carotene, 106-8, 160 

carotenoid, 105, 107-9, 112, 132, 155, 160, 465-66 
carpel, 12, 13, 18, 24, 56, 92, 232, 237, 432; number of, 20, 23, 
598, 

carrion: beetle, 145, 294; flower, 16, 144-45, 315-19; fly, 144, 
315-19 

carvone oxide, 146, 226 

Caryophyllaceae/Caryophyllales, 26, 34, 75, 96, 166, 266, 313, 
408, 488, 566 

caryophyllene, 135, 136, 146 
caterpillars, damage by, 118, 120, 322, 556, 557, 560 
catkin, 25, 27, 51, 98, 295, 333, 355, 389, 404, 418, 419, 420-21, 
425,594, 595, 601 
cauliflory, 302, 361, 585 
cave-dweller, 360, 366, 614, 616, 621 
Cecidomyidae, 305, 320 
cell sap, pigments in, 105, 107, 108 
cellulose, 88, 156, 178 
central-place foraging, 244 
centripetal growth, 12 
Cerambycidae, 288, 289 
Ceratopogonidae, 178, 305, 319 
chalcone, 106, 160 

chamber, in flower: 37-38, 49, 75-76, 138, 165, 225, 228, 230, 
294, 301, 359, 370, 534-35, 566 
chamber flower/blossom, 144, 291-94 
character displacement, 97-98, 100, 511, 514 
cheating: by flowers, 49, 205, 235, 506, 524-41, 566, 590; by 
flower visitors, 6, 7, 8, 340, 343, 542-53, 570, 573, 622 
checkerspot (butterfly), 328, 332 
chelation, 110 

chemoreceptor/sensor, 140, 307, 327, 395 
Chenopodiaceae, 420, 422 
chiropterophily, 157, 262, 356-69, 375 
Chloranthaceae, 17, 91, 92 
chloropid (fly), 305, 309 
chloroplast, 108 
chromatography, 140, 141, 199 

chromosome: 68, 465, assortment, 70, 101; number, 55, 72, 155 
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cibarial pump, cibarium, 324, 379 

circadian pattern: in bee behavior, 401; of nectar 211 

Cistaceae, 18, 26, 293, 490 

citronellol, 136, 143, 145 

clade, 67, 97, 121, 270, 389, 391 

cleistogamy, 23, 87, 594, 

clinal variation, 140, 486, 490, 492, 597 

clock, internal (in bee), 401 

clone: plants 55, 212, 268, 280, 418, 608-09; seeds, 71 
cloud forest, pollination in, 291, 345, 347, 366, 373, 486, 588 
Clusiaceae, 222, 223, 532 

coadaptation, 8, 180, 215, 267, 279, 286, 342, 370, 456 
coati, 372 
cob stigma, 79 
cockroach, 115, 302 

coevolution, 8, 40, 98, 121, 132, 196, 202, 230, 255, 267, 279, 354, 
367, 369, 401, 434-36, 450, 455-56, 485, 512, 542, 550, 560, 
570, 574, 601, 602, 608, 612, 618 
coflowering, 77, 123, 491, 503-23, 519-22, 528 
cognitive: ability/skill, 9, 132, 264, 530; constraint, 390; threshold, 
444 

Coleoptera, 96, 254, 288-95, 310, 587 
collembolan, 92 

colletid bee, Colletidae, 41, 379-83, 386, 387, 404, 580, 602 
colonizing species, 71, 337, 343, 462, 476, 485, 486, 

600, 630 

“colony collapse disorder,” 631 
colony homeostasis, as refuge, 397, 414, 618 
color: of anther/stamen, 17, 126, 183, 529; of bract 13, 101, 121, 
122, 131, 224, 347, 423; of calyx/sepal, 14, 40; of flower, 5, 6, 9, 
14,42,44,46,51,71,99, 105-33, 146-18, 152, 173, 231-32, 
262, 266, 272, 274, 275, 278, 290, 291, 292, 297, 303, 308, 320, 
330, 332, 334, 342, 349, 351, 359, 367, 373, 376, 378, 404-7, 
408, 415, 476, 582, 591, 594; of nectar, 201-2, 371; of pollen, 
66, 125, 132, 158, 160-61; of visitors, 250-52, 255, 313, 329, 
518, 520 

color change, of flowers, 125-30, 149, 216, 217, 228, 249, 274, 
327,465,492-94,513,563 
color constancy, 117, 120, 278, 340, 512 
color contrast, 113, 132, 550 
color genes, 121, 274, 465, 557 
colorimetry, 199 

color morph, 118, 123-24, 463, 464, 513, 525, 557 
color preferences, 118—23, 127, 261, 302, 315, 326, 327, 340-41. 
394, 398 

color receptor, 110, 116 
color syndromes, 118, 262, 441 
color triangle, 111 

color vision, 105, 110, 111-15, 307, 326, 340, 359, 392-95 
column (of orchid), 45-16, 170, 228, 229, 296, 320, 493-94, 528, 
529, 535, 537, 539 

communication: acoustic/auditory 413; by bees 396, 398, 413—15, 
618; olfactory 302, 341 
comparative analysis, 51, 366, 495, 501, 509 
comparative method, 157 

competition: 5, 8, 238, 503-23, 580, 589, 592 ; exploitation, 503, 
506; interference, 503, 505, 506, 514; interspecific, 96, 100, 268, 
369, 390, 443, 485-87, 489, 503-23, 526, 601; intraspecific. 


424, 516; between pollens, 59, 92, 161, 181, 183, 184-85, 426, 
504; between visitors, 392, 413, 467, 470, 496, 629 
composite flower/Compositae, 11, 16, 25, 47—49, 71, 79, 82, 84, 
95, 96, 125, 163, 164, 168, 202, 291, 296, 303, 309, 315, 387, 
389, 398, 404, 420, 448, 471, 494, 512-13, 544, 577 
compound eye, 112, 115, 392 

concentration (of nectar/sugar), 32, 177, 191, 194, 195-202, 
205-10, 212-19, 221, 230, 240, 244—15, 246-19, 251, 253, 263, 
266, 275, 291, 303, 307, 308, 309, 311, 324, 335, 337, 340, 344, 
347, 352, 367, 373, 378, 382-85, 401, 406, 407, 413-14, 416, 
476, 502, 515, 521, 555, 591, 608, 610-11, 612 
cone (of conifer), 88-89, 91, 230, 423-24, 425, 432 
cone (in eye), 110-13, 117, 340,359 

conifer, Coniferae (Pinophyta), 85, 88, 90, 93, 151, 161, 230, 418, 
420, 423-25, 448, 576, 592, 596, 
connectance (of web), 447-51, 458, 469, 583, 585 
conopid (fly), 305, 331, 551, 552 

conspecific: animal, 149, 245, 397-98, 413; flower/plant; 7, 83, 95, 
164, 275, 424, 484, 516, 526-27, 567, 570, 586, 588, 590; 
pollen/stigma, 5, 10, 23, 48, 55, 58, 59, 61, 148, 161, 170, 172, 
276, 279-81, 419, 425, 461, 467, 493, 504, 505, 512, 540, 608, 
626-27 

constancy: floral, 7, 9, 54, 67, 95, 98, 101, 120, 132-33, 181, 227, 
234, 244, 253, 264, 275-79, 280, 283, 284, 287, 289-90, 297, 
306, 312, 315, 321, 328, 332, 335, 343, 361, 389-91, 397, 399, 
401, 405, 408, 410-11, 415, 435, 461, 463, 479, 512, 555, 608, 
631; pollen, 181,280 
constancy index, 277 
constitutive defence, 200, 559 

constraint: developmental/genetic, 101, 274, 441, 463, 470, 526; 
phylogenetic, 132, 157, 218, 440, 509; physical, 9, 39, 50, 352; 
physiological, 7, 210, 249-50, 252, 296, 341, 352, 390, 397; on 
specialization, 227, 274, 440—11, 463-64 
contour effects, intensity, 50, 130 

convergence, convergent evolution, 6, 11, 32, 36, 42, 44, 68, 79, 
122, 126, 144-16, 191, 221, 261, 264-65, 270-71, 274, 290, 
293, 311, 320, 340, 346, 351, 368, 377, 389, 428, 457, 469, 474, 
479, 509, 510, 514, 518, 526, 536, 633 
coprocantharophily, 294, 316, 533 
corbicula, 386, 388, 414, 500, 569 
Comaceae, 26, 46 
cornucopia flowering, 483-85 
cornucopia, flower/plant 303, 331, 461, 504, 635 
corolla: 12, 14-15; flare, 40—11, 465-66; length/depth, 36, 38, 40, 
48, 99, 203, 213, 240, 247, 266, 271, 306, 309, 314, 334, 342, 
344, 381-82, 385-86, 444, 470, 476, 489, 512, 516-17, 594, 
635; shape, 14-15, 33, 35, 36, 42, 48, 94, 131, 328, 353, 364, 
378, 408, 421, 472, 542, 595, 602; size/diameter, 47, 50-51, 77, 
100, 126, 464-65, 467 
corona, 15, 42, 127, 142, 202, 233 
coronal scale, 127-28 
Corylaceae, 420, 421 
corymb, 27-28 

cost (to animal): 239-257; of attack, 8, 244; of being cheated, 8, 
531, 539; of locomotion, 241—14, 333, 337, 344, 356; of switch¬ 
ing flowers, 275, 278, 400; of warming up, 230, 240—11, 

249-50, 337, 595; of feeding/handling/carrying food, 8, 171, 
176,217-18,244,352, 361 
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cost (to plant): 234-57; of being cheated, 542^15, 549-50; of 
defense, 561; of flowers/floral display, 8, 50, 58, 236-39, 249, 
490, 492, 498; of rewards, 58, 203, 235-36; of selling, 72-73, 
500-501,531 
cost threshold, 247, 444 

counting: by bees, 30-31; by hoverflies, 315-16 
crab spider, 124, 377, 550-51 
crane fly, 304-5 

crepuscular: activity/visit, 167, 322, 329, 395; anthesis, 373, 586; 

nectar production, 211, 578 
Cretaceous, 90, 94-97, 190, 230 
cricket: as flower visitor, 302; vision in, 115 
Crocoideae, 471 

crop (insect), 171, 414, 190, 298, 312, 383-84, 386, 406, 414 
crop (plant), 4, 8, 44, 58, 181, 235, 249, 280, 297, 311-12, 369, 
413, 414, 415, 417, 440, 605-19 
cross-fertilization, 55-56, 68-69, 73, 96, 628 
cross-pollinator, 38, 64 

cryptic: animal, 124, 550-51, 570, 571; anther, 17, 176, 529; di- 
oecy, 602, 604; flower, 53, 87, 122, 124, 201, 297, 400; pollen, 
94, 529 

crystalline nectar, 207, 213, 215, 307, 578 

Ctenoplectridae, 221, 222 

cuckoo bee, 379, 381, 383. See also kleptoparasite 

cucurbit, Cucurbitaceae, 85, 158, 188, 205, 222, 363, 389, 462, 

526, 532, 606, 607, 613 
culicid (fly), 305, 307 
cyaniding, 105, 106, 108, 133 
cycad, Cycadaceae, 89-91, 93, 145, 230, 301, 432 
cycloidea gene, 28 
cyclorrhaphan (fly), 305, 306 
cyme, 25, 27, 28 
cymose inflorescence 28 
Cyperaceae, 418, 419 

Dacinae, 144, 229 
danaid, Danainae, 229 
dance language, of bees, 416 
Darwin’s interference hypothesis, 278 
day length, 58, 486 

deceit pollination, 150, 171, 223, 225, 296, 297, 315, 320, 395, 

462, 486, 525^11,567, 58 
decoy, 301, 548 

defenses (in plants); antimicrobial, 198, 202; biotic, 301, 548^19, 
560-63; chemical, 118, 120, 545, 547, 552, 559-60; constitutive; 
inducible; physical, 248, 545^-7, 559-60; of pollen; 151, 161 
dehiscence furrow/slit, 15-17, 156-57, 162, 166, 168 
dehiscence: 6, 15, 17, 162-168; control of 164-68, 177, 247; rate/ 
speed, 165-66, 461; timing, 59, 165-67, 247, 351, 367, 425, 

450, 511-12, 547, 608, 617; types, 17, 162-64 
deleterious: allele/gene, 68, 72-73, 83; effect on flower, 94, 237, 
299, 543^14, 549, 552, 563-64; effect on pollinator 198, 553, 
600 

delphinidin, 105, 106, 108, 123, 133 
depth threshold, 247, 444 

deserts: nectar in, 205, 211; pollination in, 89, 123, 210-11, 241, 
296, 299, 332, 357, 363, 366, 389, 403, 415, 417, 438-39, 
442^13, 471, 518, 522, 571, 573, 575-79, 613, 616, 621, 632 


desiccation effects: on flower, 225, 249; on pollen, 155, 160, 162, 
167, 183, 221; on nectar, 212, 530. See also evaporation 
dichasial (cyme), 25, 28 
dichogamy, 73-75, 125, 420, 500, 528, 544 
dichotoma gene, 28 

dicot, 12, 26, 28, 40, 86, 91, 97, 156, 192, 195, 236, 293, 427, 429 
diel (patterns), 168, 183, 212, 255-57, 360, 408 
diglyceride, 221, 223 
dimethyl sulfide, 135, 146, 358 

dimorphism: of flowers, 87, 140; sexual/size 51, 53, 141, 294, 420, 
463, 600; of style, 79-81 

dioecy/dioecism (adj. dioecious), 51-53, 56-58, 85-86, 89, 141, 
154, 187, 209, 237, 300, 419, 425, 432, 483, 487, 490, 519, 526, 
529, 569, 582, 587, 588-89, 591, 600, 601-2, 605 
diploid, 55-56, 82, 155 
Dipsacaceae, 46, 406, 409, 636 

Diptera, activity patterns 251, 255; evolution of, 96; pollination by, 
286, 304-21, 440^11, 528, 586-87; vision of, 114, 306. See also 
fly 

dipterocarp, Dipterocarpaceae, 15, 224, 289, 291, 293, 301, 302, 
485,491,509, 566, 587,589 
directional selection, 123, 473, 487, 602 
disaccharide, 195 
disk floret, 48^19, 109 

dispersal, of pollen, 7, 51, 59-62, 66-67, 98, 160, 162, 173, 184, 
279, 289-90, 330, 336, 354, 370, 398, 419, 426-28, 495, 498, 
499, 520-22, 590, 600, 623-24; of genes; 64-65, 97, 520-22, 
617; of seed, 58, 71, 454-55, 483, 487, 489, 511, 520-22, 
561-62, 567, 592, 631 

distyly (adj. distylous), 66, 74, 77, 78, 81, 559 
Ditrysia, 322 

diurnal pattern: of anthesis/advertisement, 144, 152, 376, 476, 582; 
foraging, 166, 211, 252, 286, 322, 327, 333, 359, 367, 373, 413, 
511, 517-18, 520; of rewards, 167, 211, 217, 376 
division of labor: of anthers, 176; in bees 396 
domatia, 567 
dominant gene, 68 
dorsiventral symmetry, 28 
double fertilization, 56, 90 
dragonfly, 114, 115, 370, 551 
drosophilid (fly), 305, 306, 309, 535 

drought; effects of, 50, 133, 160, 216, 486, 488, 577, 596, 632; 

protection from, 11, 133 
dry forest, flowering in, 334, 372, 384, 491 
dung fly, 294, 305, 309 

dye powder (as pollen analog), 61-62, 64, 281, 343, 465 
dynastine scarab beetle, 144, 294, 535-36 

echo-location, 147, 152, 358, 359-60, 367 
ecological specialization, 123, 458, 467, 469 
economics in pollination, 9, 94, 234-57, 324, 395, 410, 415, 479, 
490, 541, 607 

ecosystem service, 414. See also pollinator service 
ectotherm (adj. ectothermic), 240, 250, 303, 308, 322, 329, 

370-71, 444, 595 

edaphic factors, 124, 205, 247, 468, 486, 511, 621 

edge effects (in habitats), 624 

edge effect/edginess (of flower shape), 50, 131 
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EFN. See extrafloral nectary 
elaiophore, 221-22 
elastoviscin, 155, 169 
electroantennogram (EAG), 140—41 

electrostatic effects (on pollen/pollinator), 164, 171, 173, 175, 425 
emasculation (v. emasculate), 51, 61, 64, 65, 492, 611, 617 
embryo, 21, 55, 56, 64, 73, 82, 
embryo sac, 13, 20-21, 82 

empty flower, 203, 205, 235, 341, 342, 405, 530-33, 590, 
enantiostyly, 30, 74, 79-81, 161, 

endemics, endemism, 301, 349, 371, 548, 580, 599-603, 623 
endosperm, 21, 56, 569 

endotherm (adj. endothermic), 7, 203-4, 240 41, 244, 250-52, 

255, 303, 313, 322, 329, 333, 334, 335, 337, 341, 356, 378-79, 
406-09, 414, 444-45, 578, 591, 594-95, 609, 618-19 
energy: budget, 210, 230, 253, 255; expenditure/demand, 7, 8, 58, 
176, 180, 203, 205, 235, 239-43, 248, 250, 312, 338, 356, 357, 
361,367,596 

energy content: of nectar, 206, 208-210, 234-35, 240, 2454-6, 

334, 34344, 444; of plant, 237-38, 244; of pollen, 156, 177, 

209, 237, 
entomophagy, 288 

entomophily, 50, 161, 162, 362, 420, 422, 593, 618, 622 
environment: heterogeneity of, 87, 436; fine-grained, 436 
environmental effects: on flowers/plants, 11, 32, 56, 58, 110, 133, 
24749, 253-57, 420, 436, 486, 489, 505; on nectar, 194-95, 
198, 202, 205, 214-17, 578; on pollen, 162, 168, 181-83; on 
visitors 7, 9, 249-57, 267, 395, 416, 618 
ephemeral plant, 55, 71, 471, 577, 595 

epidermis (of plant), 13, 14, 15, 23, 109, 131, 142, 192-95, 229, 
231 

epihydrophily, 158, 431-32 
epiphyte, 222, 357, 567, 586, 587 
equilibration, of nectar, 198, 212-13, 216 
Ericaceae, 23, 26, 35, 42, 69, 113, 155, 169, 174, 175, 302, 348, 
387, 408, 464, 488, 592, 596 
ethanol, 137, 202 

ethylene, 15, 129, 149, 489, 492-93, 543 
eucalypt, 14, 47, 179, 196, 490, 577 

euglossine bee, Euglossinae, 45, 54, 101, 121, 145, 146, 147, 152, 
176, 206, 224, 225-28, 245 247, 252, 266, 379-80, 383, 384, 
396, 401, 404, 405, 406-7, 443, 462, 465, 469, 495, 510, 586, 
590,621,623 
eumenid wasp, 296 

Euphorbiaceae, euphorb, 14, 85, 223, 291, 299, 363, 373, 422, 488, 
532 

eusocial bee, 45, 94, 149, 150, 391, 396-98, 401, 402, 407, 

413-14, 619 
eutherophily, 371 

evaporation: of locular fluid, 162, 167-68; of nectar, 192, 198, 207, 

210, 215, 230, 248, 383-84, 578, 612 

evaporative cooling: of animals, 241, 414; of plants, 232, 239 

evenness function, 454, 459, 461 

evolutionarily stable strategy (ESS), 490, 530, 531 

evolutionary plasticity, 496, 558 

evolutionary specialization, 458, 460, 467 

exaptation, 132, 473 

excreta, 210, 320, 384 


exhibitionist (hummingbirds), 342—43 
exine, 155-56, 159, 160, 169, 178-79, 428, 430, 431 
explosive pollen release, 43, 44, 164-65, 227, 422 
extended flowering, 404, 405, 483—35, 501 
extinction threats, 10, 264, 268, 443, 454, 457, 473, 477, 570, 
599-600, 602, 620, 622, 624, 633 
extrafloral nectary (EFN), 14, 200, 302, 351, 377, 548, 560, 561 
extrorse anther, 15, 162 

exudates; from animals, 374; from plants, 94, 190, 302, 536 ; from 
stigma, 23, 45, 54, 92, 190, 225, 302, 534, 535-36 

Fabaceae/Fabales, 16, 26, 42-43, 46, 69, 113, 125-26, 155, 158, 
169, 174, 186, 239, 330-32, 348, 363, 389, 391,404-7,408, 
445, 476, 485, 488, 490, 509, 567, 587, 589, 590, 609 
facultative: selfing, 53, 68, 87, 237, 268 
Fagaceae, 57, 420-21, 532 
fall petal, 44—45 
fanniid (fly), 305, 309 
famesene, 135, 136, 146, 228, 330, 562 
fatty acid, 135, 143, 180, 223 

feeding/intake rate: for nectar, 207-8, 210, 217, 245, 324, 340, 
386, 407; for pollen, 608 

female: choice, 503, 519-20, 558; function, 8, 48, 51, 58, 59, 92, 
100, 228, 237, 279, 503-5, 558 

fermentation: of nectar, 202, 373; odor of, 89, 137, 262, 291, 358, 
367 

fertilization success, 24, 56, 73, 79, 184, 189, 230, 249, 280-81, 
328, 383, 430, 456, 490, 550 
fidelity index, 277 
field margins, 609, 617, 625, 635 
fig, 230, 471, 473, 567-71, 591, 607, 622 
fig wasp, 145, 443, 567-71, 574, 591 

filament, 4, 13, 15-17, 163-64, 573; movement/contraction of, 17, 
48, 163 
fire ant, 629 

fire effects on pollination, 627-28, 634 

fit: of flower and visitor, 6, 7, 234, 264, 266, 298; of pollen and 
stigma, 156 

fitness, 9, 437, 444, 492, 505, 556 

flabellum, 379,381,382 

flag flower/petal, 37, 39, 42—44 

flagelliflory, 585 

flavonoid, 105, 106 

flesh fly, 305 

flight: cost of, 241^14, 253, 337, 344, 361; direction of, 7, 28, 31, 
36, 61, 147, 244, 253, 342, 412; distance of, 7, 59, 61, 98, 241, 
244, 253, 275, 280, 285, 294, 304, 330, 360, 378, 397, 398, 406, 
407, 411, 439, 441, 520, 619; duration of, 39, 414, 415, 531; 
speed of, 7, 241, 330, 341, 415, 531; time/period of, 390 
floral constancy. See constancy, floral 

floral development, 3, 12, 15, 31, 71, 75, 84, 92, 99, 165, 167, 230, 
424, 509, 556, 595 

floral display, 11, 13, 14, 32, 43,44, 49, 50, 57, 59,71,83, 112, 
127, 205, 247-49, 266, 328, 373, 466, 485, 489-93, 495, 
496-501, 528, 555, 594, 595, 597, 603, 634 
floral longevity: 127, 129, 211, 247^19, 366, 476, 483, 484, 
489-94, 500, 511, 545, 594, 599; long-lived flower, 207, 229, 
487, 553; one-day flower, 41, 129, 167, 404, 405, 450, 490, 511, 
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590, 610; one-night flower, 366, 367, 490; short-lived flower, 71, 
173,211,320, 471,490, 553 

floral mutualism, 442, 506, 510, 524-26. See also mimicry ring 
floral sex, 20, 26, 29, 48, 51-53, 56-58, 73, 76, 84-86, 89, 92, 125, 
141, 186, 209, 211, 294, 319, 392, 418, 420-23, 428, 483, 487, 
490, 526-28, 531, 534, 544, 558, 566, 568-69, 600, 601; sex ra¬ 
tio, 26, 249, 527, 601,605 
floral shape change, 5, 32-33, 129-30 

floral size, 9, 11, 17, 38, 45,49-51,53,91,99, 105, 113, 130, 132, 
148, 173, 240, 247, 271, 303, 329, 339, 344, 347, 367, 371, 399, 
408, 464, 476, 489, 493-95, 500, 557, 564, 594, 597, 618 
floral symmetry, 28, 30-31, 33, 36, 44, 48, 79, 94, 97, 109, 130, 
291, 308, 334, 364, 378, 392-93, 398^100, 404, 471, 476, 527, 
555 

floral temperature, 131, 152, 215, 230-33, 294, 445, 534-35, 595 
floret: 11, 422, 558. See also disk floret, ray floret 
florivory, 152, 202, 544-45, 554-55, 559-60, 565-74 
flotation, of pollen, 424, 429, 430, 431; of flower parts, 429 
flower. See floral color, empty flower, odor/scent, orientation 
flower diagram, 12, 13, 30 

flowering pattern, 483-502, 589: duration, 29, 405, 483-90; ex¬ 
tended, 404, 405, 483-85, 501; mass, 301, 375, 405, 485, 488, 
566, 589-91, 621, 624; synchrony, 75, 84, 162, 369, 404, 430, 
442, 483-87, 501, 510-11, 536, 567, 569, 573, 589, 590 
fluorochromatic reaction (FCR), 181 

fly, 77, 114, 115, 118, 119, 120, 144^15, 147, 197,262,284, 285, 
304-21, 446, 461, 491, 535, 560, 593, 607. See also blowfly; 
bluebottle; carrion fly; dung fly; flesh fly; gnat; greenbottle; hov- 
erfly; housefly; midge; mosquito 
flying fox, 356, 357, 366, 599 
fodder pollen, 17, 160, 161, 529 
folivory, 14, 188, 301, 486, 554, 556, 559, 563 
food body, 14, 229, 291, 351, 561 

footprint: electrical, 171; scent, 149-50, 501, 571, see also scent 
mark; by bees, 149, 412; by flies, 149 
forager range: of bat, 361; of bee, 244, 294, 397, 401, 416; of 
moth, 322, 336 

foraging: decision, 150, 181, 400, 501, 531; in groups, 360, 361; 
risk-sensitive (risk-averse), 205, 245, 401, 498, 551; trip, 38, 99, 
101, 181, 210, 217, 244—15, 275, 276, 277, 299, 359-61, 366, 
367, 378, 389-92, 397, 410-11, 413-17, 458, 516, 551, 579, 
611,613,618 

forest, pollination in, 69, 448, 469, 485, 491: boreal, 448, 419, 491, 
626; temperate, 123, 332, 372, 448, 491; tropical, 85—86, 195, 
222, 252, 263, 274, 291, 302, 334, 343, 347, 357, 361, 372, 384, 
404, 405, 406, 448, 471, 484, 491, 547, 570, 584-91, 611, 625 
fossil: angiosperms, 90; pollen, 92, 178 
fragmentation, of habitat, 264, 280, 570, 622, 624 
frequency-dependent selection, 123, 132,437 
frit fly, 309 

fructose, 195-98, 352, 377, 384 
frugivore, 356, 358, 367, 585 
fruit fly, 115, 144, 229, 305, 306, 309 

fruit set, 56, 59, 68, 171, 201, 249, 280-82, 284, 343, 356, 456, 
468, 492, 495, 510, 533, 548, 555, 562-63, 572, 573, 601, 607, 
612,616, 627, 629 

fruity scent, 94, 145, 146, 262, 291, 294, 303, 309, 358, 364, 367, 
535 


fuel: reserve, for pollen grain, 156; reserve, for visitor, 243; supply, 
7, 94, 190, 195, 200, 203, 241, 295, 296, 306, 341, 384, 406 
functional: response, 243; specialization, 458 
fundamental specialization, 459, 460 
fungal spores, in nectar, 198, 202 
fungus gnat, 305, 316, 320, 533, 539, 613 
fungus, on flowers, 320, 528, 554, 566 
fynbos, 291,293,372,374 

Galapagos Islands, 179, 302, 599, 601 
galea (pi. galeae), 323, 379, 381-82 

gamete, 11, 51, 55, 56, 81, 83, 88, 94, 154-56, 170, 184, 237, 500 

gametophyte, 3, 56, 82, 520 

gametophytic self-incompatibility, 74, 81, 82 

gamopetaly (adj. gamopetalous), 14 

gamosepaly (adj. gamosepalous), 13 

gardens, value to pollinators, 42, 84, 297, 308, 315, 331, 332, 355, 
615, 626, 635, 636 
gecko, 202, 370, 371 

geitonogamy, 66, 70, 75, 80, 83-85, 166, 205, 279, 301, 320, 330, 
462, 485, 496, 498-501, 541, 549, 622. See also self-fertilization 
gene: complex, 72, 101; dominant, 68; recessive, 68, 72, 83 
gene flow, 8, 59-61, 65, 519-22 
generalist flower, 46, 144, 288-303, 464 
generalization: 9, 94, 261, 266-67, 279, 332, 397, 438, 443, 

457- 59, 473-79, 554, 583, 601, 624; as adaptive strategy, 287, 
435, 461; costs and benefits to plants, 461-62; definitions of 

458- 61; measurement of, 451, 454, 456, 459, 462-63; reversal 
of, 471; spatial variation in, 468-71; temporal variation in, 471 

generalization score, 459, 460 
generative nucleus/cell, 21, 56, 81, 155 

genetic: constraint, 101, 274, 463; correlation, 54, 100, 101, 274; 
drift, 101, 132, 622; engineering, effects of, 628; load, 83; mark¬ 
er, 61, 62, 65, 66; variability, 70, 72, 182, 554, 636 
genome, 68, 73, 82, 132 
genotype, 72, 74, 82 

Gentianaceae/Gentianales, 26, 203, 207, 363, 408, 488, 529 

geoflory, 218, 373, 581 

Geraniaceae, 26, 35, 113, 125, 166, 311, 514 

geraniol, 135-36, 143, 145, 146 

germination: of seed, 72, 424, 511, 628; of pollen, 3, 23, 55-56, 

59, 64, 66, 72-73, 82, 83, 154, 156, 160, 172, 178-81, 184, 
188-89, 225, 232, 424, 490, 493, 520, 595, 608 
Gesneriaceae, 36, 39, 174, 222, 266, 345, 348, 349, 362, 407, 545, 
587 

gibberellic acid (gibberellin), 51, 129 
glossa, 379, 381-82 

glossophagine bat, 146, 356-57, 359-60, 367-68 

glucose, 135, 195-97, 209, 225, 244, 307, 367, 384 

glume, 422 

glycoside, 200 

gnat, 302, 304, 305, 306 

gnetalean, Gnetales, 89, 90, 91, 93, 306 

granulocrine secretion, 194 

grasses: flower structure/development, 15, 20, 23, 422; pollination 
of, 71, 81-82, 87, 96, 178, 181, 183, 313, 385, 387, 404, 419, 
422, 425-27, 486 
grasshopper, 302 
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grassland, flowering in, 123, 235, 248, 274-75, 315, 418, 438, 448, 
491, 510, 577, 623, 624, 626, 628, 629, 635 
grazing effects on pollination, 404, 554-58, 580, 611, 624, 626-29, 
635 

greenbottle, 284, 303, 307, 309 

greenhouse effect, in flowers, 232 

grooming, 7, 38, 40, 59, 61, 63, 67, 160, 166, 167, 170-72, 

176-77, 245, 279, 282, 320, 354, 356, 357, 361, 367, 385-86, 
388-89, 500,511,611,619 
ground-nesting (bees), 403, 577, 616, 624 
gullet flower, 36, 39, 125, 126, 293, 344, 347-19, 356, 363, 

364-65, 408, 462-63 

gymnosperm, 88-90, 92, 98, 155, 159, 178, 288, 418 
gynodioecy, 51, 52, 57, 86, 141, 300, 487, 558, 583, 598, 601 
gynoecium, 12,13, 18-20, 37, 75, 191-92, 232, 236-37, 595 

habitat: corridors, 443, 617, 623, 624; degradation of, 616, 622, 
624, 626; flowers as, 5, 213-16, 230-31, 250, 550, 595; isolated, 
85, 98, 267, 302, 335-36, 459, 521, 525, 600-603, 622-23; mar¬ 
ginal, 70, 343, 374, 396, 635 

halictid bee, Halictidae, 176, 254, 277, 282, 283, 285, 379-81, 383, 
387, 389, 391, 396, 404, 497, 587, 603, 606, 607 
handling: cost, 217, 244, 253, 340, 352; skill/strategy, 277-78, 387, 
398, 542; 

handling time: 7, 79, 167, 217, 235, 243, 245, 247, 249, 253, 275, 
278, 442, 501, 531; of bees, 268, 392, 397, 399-400, 494; of 
birds, 340, 341; of lepidopterans, 324, 328 
hand-pollination, 59, 68, 506, 510, 555, 596, 608, 612, 614, 617 
haploid: 155; cell/nuclei, 20, 55, 56, 155; genome 82 
hawkmoth, 32, 41, 47, 114-15, 118, 122, 124, 127, 131, 140, 144, 
145, 149, 152, 196-97, 199, 201, 203, 206-07, 241^12, 244, 

262, 265, 270, 285-87, 322-29, 332-35, 342, 369, 462-63, 465, 
470, 472, 490-91, 497, 519, 521, 555, 564, 578, 582, 587, 591, 
601, 602, 623. See also sphingid 
hay fever, 155 

hedgerows/hedges, 38, 46, 315, 408, 510, 526, 608, 611, 617, 625, 
635 

heliotropism, 232-33, 239, 595 
Hemiptera 302 
hemolymph, 323 

herbaceous plant, 68, 69, 85, 91, 179, 238, 293, 342, 422-23, 428, 
488, 624, 628,635 
herbicide effects, 614, 625, 628, 631 

herbivory: effects on flowers, 8, 11, 26, 54, 58, 132, 149, 188, 200, 
210, 239, 436, 467, 483, 487, 555-59, 563, 623, 626; effects on 
flower visitors, 124, 558-59 
herkogamy, 74-79, 544 

hermaphrodite (flowers), 3, 8, 26, 28-29, 48, 51, 52, 56, 57, 58, 74, 
84-86, 89, 92, 141, 183, 186-87, 300, 362, 364, 367, 404, 420, 
421,422, 487, 558,582 
hermit (hummingbird), 339, 342^43, 352, 471 
hesperid/Hesperoidea, 285, 322, 324, 325, 326, 329 
heteranthy, 17, 19, 160, 161, 176, 180, 184, 529 
heterogeneity of environment, 87, 436 
heteromorphy, 65, 79 

heterospecific:flower, 121; pollen, 55, 56, 67, 98, 161, 167, 188, 
353,491,504,511,622, 627 
heterostyly, 66, 74, 77-80, 86, 101, 161, 600 


heterotherm, 241, 250, 341 

heterozygosity(adj. heterozygous), 69, 184, 520 

hexose, 156, 195, 196-98, 208, 347, 367, 529, 599 

hitch-hiking, 552-53. See also phoresy 

hive beetle, 631 

homopteran, 374, 384 

homostyly, 66, 79 

homozygosity (adj. homozygous), 68, 69 
honey: costs to bees, 384, 413, 417; formation of, 383 
honeybee: 414-17; color vision in, 111-15, 117, 126, 133, 394; 
communication/dance language, 415-16; competitive effects, 
629; energetics of, 417; foraging, 417, 515; health issues, 615, 
learning/memory in, 398-402, 415; odor detection, 134; pattern 
recognition, 392; pollen-collecting by, 167, 172; specialization 
in, 461, 609; temperature regulation, 414; time sense in, 408; 
tongue, 379, 383 

honeycreeper, 338, 472, 511, 577, 602 
honeydew, 190, 295, 296, 298, 374, 384 

honeyeater, 340, 343, 344, 345, 348, 351, 353, 354, 496, 519, 577, 
580 

honey guide, 109 
honey possum, 178, 372, 374-75 
hornet, 138, 295, 297 
housefly, 114, 115, 305, 306, 309 

hoverfly, 7, 39, 44, 46, 77, 121, 122, 124, 127, 128, 144, 149, 176, 
178, 183, 266, 275, 285, 301, 303, 304, 305, 306, 311-16, 321, 
497, 502, 519, 529, 535, 544, 605, 607, 609, 617, 622, 625, 630, 
635, 637 

hovering: 25, 32, 80, 131, 206, 241-3, 253, 368; in bats, 241, 242, 
356, 359, 360, 364, 368; in bees, 171, 386, 404; in flies, 304, 
307, 310, 315; in hummingbirds, 39, 241, 242, 341, 347, 354, 
477; in moths, 145, 242, 322, 329, 332, 333-34; in sunbirds, 

338,343 

humidity, effects of: on foraging, 251, 309; on nectar, 198, 212-16, 
230, 578; on odor emission, 141; on pollen/dehiscence, 162, 
166-68, 182, 244, 247^-8; on pollination type, 89, 310 
hummingbird, 337-47, 586-88; color preferences/vision, 112, 

117, 122, 123; flower preferences 122, 126, 132, 140, 146, 192, 
264, 265, 266, 272, 274, 337-38, 344^19, 351-52, 465-66, 

564; energetics, 241—42, 246, 341, 368; foraging, 64, 209, 244, 
335, 340^1, 484, 497, 507, 508, 522; nectar preference, 

196-97, 199, 203—4, 206-7, 211, 218, 547; as pollen vectors, 
61-62, 66, 166, 286, 454; shape detection 31; as specialists, 

101, 247, 264, 353-55, 443; territoriality, 67, 343, 354, 

468,519 

hybrid crops, 249, 605, 610, 611, 617-18 
hybrid plants, 72, 101, 203, 334, 540; as tests for selective effects, 
465-66 

hybrid vigor, 72, 611, 617 
Hydrangeaceae, 26, 46 
hydration (of pollen), 23, 56, 156 
hydrolysis (of pollen starch), 162, 182 
hydrophily, 427-32 

hydrophobic surface (in flowers), 23, 432, 582 
hymenopteran, Hymenoptera, 5, 96, 112, 166, 172, 255, 271, 286, 
295-301, 310, 413, 440^11, 445, 539, 567, 586, 587, 624. See 
also bees, ants, wasps 
hypanthial cup, 173, 237 


Subject Index • 759 


hypohydrophily, 428-31 
hypopharynx. 306, 307, 311,312, 323 

ichneumon, Ichneumonidae, 152, 295-96, 539 
icterid, 338, 344, 354, 577 

illegitimate visitor, 6, 17, 25, 31, 33, 36, 201, 210, 328, 382, 476, 
542^14, 547 

inbreeding: 3, 56, 58, 79, 353, 570, 623; depression, 67, 68, 72-73, 
521, 600, 606, 622; euphoria, 600 
incompatibility, 5, 23, 42, 53, 56, 58, 69, 71, 74, 79, 81-83, 87, 92, 
155, 184, 189, 299, 418, 539, 549, 588, 598, 600, 613, 618 
indole, 120, 135-37, 145, 152, 319 
inducible defence, 118, 559 

inflorescence, 11, 24-28, 45, 240, 253 sex ratio in, 29; size, 501, 
558; type, 27-28 

innate behavior, 140, 398, 528; cue, 524; preference, 7, 31, 101, 
118, 120, 125, 130-31, 276, 307, 326-27, 341, 398, 463, 528; 
recognition/response, 277, 278, 307, 496 
insecticide effects, 611, 625-26, 628, 631 
insolation, effects of, 50, 160, 186, 205, 247, 254, 502 
interaction term, 287 
intercropping, 617 
intine, 155-56, 169, 178, 179 
intoxication of pollinators, 202, 227 

introduced animals, effect on pollination, 100, 176, 265, 286, 414, 
461, 506, 507, 578, 600, 602, 610, 613, 615, 623, 629-30, 634 
introduced plants, pollination of, 196, 338, 359, 368, 440, 456, 

599, 600,611,630-31,634 

invasive species, effects on pollination, 456-57, 515, 562, 599, 

629, 630-31 

inversion (of nectar), 195, 198, 202, 384 

Iridaceae, 26, 42, 222, 270, 289, 292, 293, 311, 348, 408, 471, 532, 
581 

iridescence, 109-10 

iris flower-type, 12, 22, 25, 44-45, 525 

irregular symmetry, 28, 30 

islands: breeding systems of plants on, 85-86; pollination on, 302, 
321, 335, 349, 353-54, 370-71, 440, 447, 469, 599-604 
isoprenoid, 136 
isozyme, 68 

Juncaceae, 419 
Jurassic, 306 

keel flower, 39, 43^14, 95, 347, 348, 354, 387, 408 
keel petal, 37, 130, 164, 232, 344, 493 
ketone, 135-36, 144, 151, 228, 537-38 
keystone species, 567, 580 
kleptoparasite, 379, 385, 407 

labellum (fly), 306, 307, 313 

labellum (orchid), 45, 46, 225, 227-29, 296, 299, 320, 535, 537-39 
labial palp, 379, 381,382 

labiates, 25, 30, 36, 37, 38, 168, 298, 310, 331, 543, 555. See also 
bilabiate 

labium, 290, 306, 307,311 
labrum, 306, 307,311,312 
lacewing, as flower visitor, 302 


Lamiaceae (= Labiatae), 36, 37, 57, 75, 78, 196, 197, 198, 313, 

346, 348, 349, 389, 404, 408, 445, 476, 488, 609 
landing platform (on flower), 14, 25, 36—38, 44, 45, 128, 164, 322, 
349, 378 

landscape: memory 415; plant-pollinator, 442^44 
larceny. See theft 

latitudinal effects, 5, 232, 250, 263, 271, 402, 403, 419, 447, 
468-70, 486, 489, 516, 591-98, 632 
Lauraceae, 75, 587 

leaf-cutter bee, 380, 392, 393, 402, 404, 609, 610, 616. See also 
megachilid 

learned association, 122, 127, 340; behavior, 45, 276, 328, 368, 
398^102, 410, 413, 442, 524, 528, 542; preference, 118, 120, 
326, 327, 335,341,408 

learning: 5, 7, 9, 36, 101, 217, 243, 245-46, 264, 276-78, 442, 

444; by bats, 359-61; by bees, 397, 398^102, 408, 413-15, 551, 
618; by beetles, 290; by birds, 341—44; by butterflies, 327-28; of 
color, 119; by flies, 307-8; limitations of, 276; of scent, 148-49, 
395; of shape, 131 
learning curve, 131, 148, 278, 412 

legume (adj. leguminous), 20, 37, 42, 44, 82, 87, 125, 157, 164, 
169, 186, 240, 271, 283, 289, 313, 373, 381, 406, 408, 493, 495, 
496, 525, 543, 606, 609, 611, 619, 625, 626 
lek, 226, 342, 407 

lemur pollination, 371-73, 375, 588, 602 
lever action (of stamen), 37, 38, 163 
life-dinner principle, 235, 553 

lifespan (of flower), 29, 70, 484, 489-94, 552. See also floral 
longevity 

lifetime reproductive success, 59, 556 
lignin, 88, 168 

Liliaceae, 14, 15, 41, 44, 46, 69, 174 198, 239, 335, 348, 

408, 525 

limonene, 135, 136, 146, 226, 358 

linalool, 135, 136, 142, 144^16, 335, 358 

linkage disequilibrium, 100 

linkage, in pollination webs, 447, 448, 450 

lipid: in exudates, 23, 225; in nectar, 200, 213; pollen, 155-56, 

169, 173, 177, 179 

liquid-feeding, 206, 207, 217, 221, 296, 304, 322: by lapping, 207, 
304, 306, 339, 373, 379; by sucking, 207, 217, 298, 301, 304, 
306, 322-24, 325, 370, 379, 382, 444, 572 
lizard, pollination by, 202, 370, 371, 599 
load (carried by pollinators): 552; of nectar, 245, 397, 415; of pol¬ 
len, 32, 62, 175, 189, 243, 245, 276-77, 280, 284, 299, 328, 335, 
357, 361, 375, 387, 388, 390, 392, 397, 405, 411, 415, 417, 
570-71,608,616 
Loasaceae, 41, 218, 375, 525 

local: enhancement (of foraging), 398, 414; inhibition (of forag¬ 
ing), 398 

locular fluid, 162, 167 

locule, 13, 15, 17, 162, 163, 166, 168, 181 

locus (genetic), 74, 80, 81, 82, 100, 274 

logging effects, 626, 634 

lollipop hairs, 192, 297 

Loranthaceae, 351, 489 

Lorikeet, 338, 340, 348 

lycaenid (butterfly), 115, 285, 322, 325, 326, 329, 331 
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Macroglossinae, 356-69 

Madagascar, pollination in, 32, 137, 174, 192, 265, 325, 334, 335, 
348, 363, 372, 375-76, 472, 475, 519, 535, 588, 589, 602-3, 614 
MADS genes, 58, 92 
Magnoliaceae, 14, 15, 26 
Malacophily, 377 

male: competition, 426, 519-20; function, 8, 48, 51, 58, 59-60, 62, 
83, 100, 165, 166, 279, 495, 503-5, 557; gamete, 11, 55, 56, 88, 
154, 237, 500; naive, 536, 539 

Malvaceae, Malvales, 16, 26, 75, 158, 177, 346, 348, 362, 363, 532 
mammals (non-flying), as pollinators, 119, 164, 179, 197, 202, 

218, 371-77, 475,581 
mandible (bird), 339, 344 

mandible (insect), 173, 289, 290, 298, 408, 543, 544, 547, 548 

mannose, 180 

mantid, 333, 550, 551 

marginal habitat, 70, 343, 374, 396, 635 

marketplace transactions, 235 

marsupial, 179, 240, 242, 286, 371-75 

masarid wasp, Masarinae, 178, 297-98 

mason bee, 210, 380, 404 

mason wasp, 296 

mass blooming, mass flowering, 301, 375, 405, 483-88, 566, 589, 
590, 591,621,624 
massula (pi. massulae), 170 
mast flowering, 485, 587, 589 
mate choice, 58, 279 
mating strategy, 58 

maxilla (pi. maxillae), 289, 290, 307, 311, 323, 379, 381 
maxillary palp 307, 311, 323, 325, 381, 571 
megachilid, Megachilidaesee, 121, 167, 176, 223, 224, 380, 381, 
382, 387, 404, 495. See also leafcutter bee 
megachiropteran bat, 145, 196, 356-69 
meiosis, 20, 55, 70, 155, 162 
Melastomataceae, 174, 176, 223 

meliponine bee, Meliponini, 224, 379-80, 384, 413-14, 591 
melittid bee, Melittidae, 221, 222, 380, 388 
melittophily, 262, 378, 402-17 

memory, 278, 590: in bats, 359-60, 366; in bees, 149, 395, 400, 
402, 415, 625; in birds, 341; long term/short term, 9, 402, 501 
meristem, 12, 25 
Meropidae, 338, 550 

mess pollination (“mess and soil”), 54, 289 

metabolic rate/activity, 151, 240^14, 333, 367, 368, 623 

metapleural gland, 172, 298 

microbes, in nectar, 198, 202 

microbial inhibitor, 202, 615 

microchiropteran bat, 145, 196, 356-69 

microclimate; inside flowers, 5, 213, 215-16, 230, 250, 444, 534, 
550, 595, 596; around flowers, 231, 247, 251, 255, 502, 518 
microlepidopteran/micromoth, 322, 485 
microorganisms, effects on nectar, 192, 198 
Micropterygidae, 325 
micropyle, 20, 56, 88, 423-24, 432 
microsatellite analysis, 62, 570 
microsporansium, 423 

midge, 92, 144, 304, 305-7, 317, 319: ceratopogonid, 178, 305, 
319; gall, 305,320, 566,613-14 


migration corridors, 269, 443, 617, 623 

migration, 442, 443, 462, 599, 623: of bats, 357, 621; of humming¬ 
birds, 337, 345, 462, 528, 596, 621 
mimicry (by flowers) 524—41: of animals, 150, 533, 536-40; Bate- 
sian, 524, 526; of brood-site, 315-16, 320, 532, 533-36; inter- 
sexual, 86, 184, 526-28; Mullerian, 46, 48, 510, 524, 526; of 
pheromone/scent, 89, 136, 138, 150, 151, 152, 297, 320, 359, 
395; of other flowers, 151, 175, 223, 225, 489, 524, 525-28; of 
pollen/anther, 18, 44, 125, 158, 526, 528-30; ring/mutualism, 

46, 48, 122,311,340, 506, 524 
mirror-image flower, 79, 161 
mixed mating strategy/system, 58, 600, 602 
mobility, of visitors, 280, 453 

model flower, 10, 126, 131, 149 153, 292, 315, 392, 467 
monkey, as flower visitor, 286, 371-76, 545 
monocarpy (adj. monocarpic), 236, 483 

monocot, 12, 26, 28, 41, 42, 46, 80, 86, 91, 97, 156, 192, 195, 205, 
236, 289, 290, 293, 419, 427-30, 514, 577 
monoculture, 605, 608, 617, 618, 625 

monoecy/monoecism (adj. monoecious), 51, 53, 56-57, 74, 85-86, 
187, 320, 418, 462, 527, 532, 569, 582, 588, 612 
monolecty (adj. monolectic), 180, 298, 378, 391, 405, 406 
monomorphic, 79, 80, 600 
monosaccharide, 195 
monoterpene, 135-36, 145, 146, 226 
montane habitat, pollination in, 86, 300, 301, 304, 438, 491, 
588-89, 592, 596-98, 632. See also altitude 
morphine, 133 
morphogenesis, 12 
mortality rate, 59, 72, 573 
mosquito, 304-7, 320 
movement herkogamy, 74, 77 

movement rules/pattems, 55, 85, 240, 253, 304, 342, 500, 501, 

590: in bees, 402, 405, 412; in birds, 342 
mucilage, 14, 23, 168, 192, 545 
multiple bang flowering, 484-86 
Musaceae, 26, 207, 349, 363 

Muscidae, Muscomorpha, muscid (fly), 287, 305-7, 309, 313, 
316-17, 534, 593, 596, 597,613 
mutation, 68, 70, 72-73, 264, 274, 465 
mycetophilid (fly), 304, 305 
mycetophily, 316, 533 
myophily, 262, 308, 309, 321 
myrcene, 136, 145, 146, 226 
Myrsinaceae, 223 

Myrtaceae, 18, 26,47, 174, 348, 353, 362, 363, 371, 372, 373, 374, 
577 

naive foragers, 31, 118-19, 122, 245, 327, 397, 398-99, 413, 442, 
524, 528, 531, 533, 536, 539, 550, 551 
nastic response, 490 

navigation: 149; by bats, 358; by bees, 395, 415; by butterflies, 328 
nectar: 190-220; amino acids in, 198-200, 201, 216, 317, 320, 324, 
330, 561; color, 201-2; composition, 195-202; concealment, 31, 
33, 36, 41, 48, 215, 444^15, 552; concentration, 32, 177, 195, 
198, 205-8, 212, 215, 218, 240, 245, 248, 251, 253, 263, 266, 
401, 413, 476, 515, 521, 555, 610; energetic value, 208-10, 
235-36, 253; gradients in, 32, 207, 498, 501; homeostasis, 211, 
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216; measurement of, 216-17; niche diversity, 219-20; parti¬ 
tioning, 205; post-secretory change, 212-16; redox cycle, 202; 
regurgitation, 210, 241, 324, 325, 384, 388, 612; replenishment, 
150, 203, 211, 249, 530; resorption, 194, 205, 216, 235, 248; re¬ 
ward, 5, 7, 9, 84 100, 126, 148, 171, 185, 208-10, 241, 244, 247; 
scent, 142, 201, 297; secretion, 150, 190, 192-95, 203, 205, 211. 
212, 217, 220, 247; sugars in, 195-98; taste, 201; timing of pro¬ 
duction, 151, 190, 194, 195, 203, 211-12, 216, 351, 367, 610; 
volume, 61, 84, 177, 195, 202-5, 213, 214, 216, 218, 220, 248, 
263, 342, 344, 464, 476, 498, 531, 564; water reward of, 210, 377 
nectar guide, 109, 110, 123, 124-26, 131, 142, 262, 271,311.330, 
344, 351,367, 378,392,476 

nectar spur, 26, 31-32, 39, 44, 192-93, 205, 207, 255, 269, 311. 

330, 335, 349, 351, 387, 461,468, 531 
nectar theft/robbery, 25, 33, 152, 286, 340, 374, 387, 542-50, 564 
nectarin, 202 

nectarivore, 176, 190, 206, 207, 210, 240, 244, 245, 253, 324, 337, 
352, 356, 360, 374, 600 

nectarless flower, 33, 44, 71, 74, 79, 95, 167, 173, 184, 202, 212, 
217, 225, 236, 324, 328, 362, 486, 489, 514, 525, 526, 532, 540, 
606 

nectary: 191-92; concealed, 97; lid, 265; site, 11, 13, 28, 30, 33, 

34, 40—44, 54, 94, 97, 191, 263; type, 191-92. See also extraflo¬ 
ral nectary 

negative constancy, 227 

Nematocera, 304, 305, 309, 316, 317, 319, 320, 533 
nemestrinid (fly), 32, 271, 305, 306, 310-11.514, 581 
nest cell (bee); 172, 267, 389, 392, 610; lining, 221, 223, 224, 538, 
611 

nestedness (of webs or networks), 449-53 
network (pollination/visitation): 10, 354, 445-58, 469, 473, 591, 
630, 633, 635; compartmentalization in, 450-52, 459; linkage 
in, 447 48, 450; nestedness in, 449-53 
neuropteran, 302 

niche: overlap, 470, 506, 591; partitioning, 434; shift, 504 
niche breadth, 458, 459, 591 
niche diversity, of nectar, 219-20 
nicotine/nicotinoid, 107, 152, 201, 559, 625 
noctuid, Noctuidae, 147, 324, 325, 327, 330, 332, 333, 445 
nocturnal, flowering/pollination, 127, 152, 167, 180, 207, 212, 266, 
270, 294, 329, 333, 335, 366, 367, 369, 373, 375, 376, 490, 566, 
571,577,582, 601,614 

nonflying vertebrates, pollination by, 119, 164, 179, 197, 202, 218, 
371-77,475,581 
nonself pollen, 38, 81, 608 

nototribic flowers/ pollen deposition, 39, 361, 385, 529 

nucellus, 20 

null model, 451, 456 

nuptial gift, 296 

nursery pollination, 230, 565-67 
nut, 15, 607, 613, 618 

Nymphaeaceae/Nymphaeales, 26, 90, 91, 289, 532, 535 
nymphalid (butterfly), 118, 127, 285, 322, 324, 325-27, 329 

obligate: flower visitor, 4, 374, 461, 570; mutualism 471, 561, 567, 
571, 622; outcrossing, 407, 589, 598, 599, 622; relationship, 

311, 435, 436, 473, 570, 574 591, 622; selling, 53 
ocimene, 136, 141, 144, 146, 226, 330, 358 


odor. See scent 

odorant binding protein, 146 

oil: collection by bees, 228, 269, 386, 391, 406, 462, 470, 531; as 
food/reward 146, 209, 221-24 
oil gland, 223-24 

olfactory: learning, 148, 327, 341, 400; sense, 140, 146, 327, 
358-59, 395; signal/ advertisement, 5, 14, 17, 53, 134-53, 392, 
401, 461, 519, 526, 537, 539, 550, 570 
oligolecty (adj. oligolectic), 180-81, 267-68, 276-77, 378, 

389-91, 438-39, 443,462, 471 
ommatidium, 112-13 

Onagraceae, 26, 83, 113, 155, 188, 239, 348, 488 
opossum, 371-76 
opsin, 359 

optimal: diet theory, 9; foraging, 9, 191, 464, 495; outbreeding/out¬ 
crossing, 521-22 

orchards, pollination in, 504, 607, 613, 614—15, 618-19, 625 
orchid: 18, 20, 23, 26, 32, 36, 44^16, 59-60, 68, 69, 70, 84, 95, 

101, 125, 138, 142, 144, 149-50, 152, 158, 169-70, 172, 183, 
188, 192, 202, 205, 218, 221, 222-23, 225-28, 270, 284, 293, 
296-97, 300-302, 311, 316, 320, 327, 332-33, 349, 385,406, 
417, 442, 461, 462, 465, 488, 490, 493, 524, 525, 528-33, 
535^40, 544, 558, 581, 591; angraecoid, 207, 302, 334-35, 349, 
493, 496, 498, 602; bee, 538; bird, 539; bucket, 54, 228-29; but¬ 
terfly, 333; common spotted, 225; duck, 295, 539; early spider, 
538; elbow, 539; fly, 297; fringed hare, 539; greenhood, 539; 
hammer, 297, 538, 540; mirror, 537; pyramidal, 330; slipper, 

236, 314, 535, 624; swan, 227; tongue, 539; twayblade, 295-96 
orchid bee, 225, 245, 379, 406-7. See also euglossine 
ordered herkogamy, 74, 76, 77 

orientation: of flower, 31, 36, 38, 127, 232, 293, 320, 334, 341, 

359, 399, 492, 563; of flower parts, 14, 33, 424 
orientation flight, 412, 415 

ornithophily, 6, 158, 262, 285, 337-55, 372, 440; origins of, 95-96, 
274, 599 

Orobanchaceae, 38 

orthopteran: as herbivore, 554, 556, 561, 564; as pollinator, 302 
osmophore, 18, 142, 317 

osmotic shock: in pollen digestion, 178-79; of sugar load, 190 
ostiole, 568 

outbreeding, 3, 412, 521 

outcrossing, 5, 10, 22, 58, 60, 64-77, 87, 161, 183, 186, 201, 237, 
244, 287, 330, 342, 353, 407, 415, 426, 485-86, 494, 499, 502, 
515, 521-22, 548, 552, 567, 571, 589, 598-600, 603, 618, 619, 
622 

ovary:4, 13, 18-24, 55, 169, 191, 289, 352, 421, 428; inferior, 
24-26, 48, 352; superior, 24-26 
oviposition site, 5, 151, 320, 328, 524, 544, 559, 
ovule: 3, 5, 13, 15, 20, 24, 26, 55, 56, 88, 91, 565; abortion of, 188, 
504; number of, 5, 20, 23, 67, 71, 72, 169-70, 184-88, 232, 237, 
281, 426, 428, 433, 456, 556, 571 
ovuliferous scale, 423-24 
owl midge, 305, 319 
oxoisophorone, 144, 330 

palm, 138, 140, 146, 202, 225, 230, 239, 291, 293, 356, 483, 526, 
566, 577, 605, 607, 612-13 

palp: in nectar gathering, 379; in pollen gathering, 323, 325, 571 
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panicle, 25, 27, 28, 364 

Papaveraceae, 12, 26, 44, 82, 174, 293, 405 

papilionate flower, 42, 95, 271 

papilionid/Papilionoideae (butterfly), 322, 325, 327, 330 
papilla (adj. papillate): nectar, 192; petal, 14, 231, 320, 529, 534; 

pollen, 79; stigma, 23, 77, 79, 184, 420-21, 
pappus, 48—49, 164 

parasite: floral, 229, 309, 566; of ovules, 565; of pollen, 565, 567; 

of pollinators, 622, 631; users of flowers, 551 
parasitic bee, 385, 408. See also kleptoparasite 
Parasitica, 295, 567, 570 
parasitoid, 295, 551 
parasocial bee, 396-97 
parenchyma: 229; in nectar, 192-94 
parrot, 338, 354, 577, 600 
passerine (bird), 179, 196-97, 207, 343, 355, 599 
passive constancy, 276 
passive gathering (of pollen), 171, 176 

paternity: analysis, 62, 64, 67; maximizing, 519; multiple/mixed, 
169, 189, 535;shadow, 67 
path analysis, 626-27, 628 
pattern recognition, 28, 263, 359 
pedicel, 12, 271, 347, 429 
pelargonidin, 105, 106, 108, 123, 133 
perching bird, pollination by, 96, 146, 157, 196, 199, 207, 218, 
265, 338-39, 340, 343^14, 34-51, 354, 372, 519, 587 
perennial plant, 70, 71-72, 236, 293, 330, 468, 471, 483, 489, 558, 
567,580, 629, 635 

perfume, 226, 228, 408, 531. See also scent 
perianth, 12-15, 17, 33, 36, 44, 50, 89, 165, 289, 291, 292, 349, 
373, 420-22, 428, 533 
pesticides, effects on pollinators, 616, 625 
petal: 12, 14-15, 19, 32, 33^49; costs of, 237; development of, 
12-13; fusion of, 12, 14, 15, 35-36, 40, 42, 44, 50, 94, 95, 371, 
373, 531; nectary, 33, 40, 191-92, 195, 331; scent of, 14, 
142-43, 317; texture of, 14-15, 131 
phagostimulant, 199, 201 
phalaenophily, 262, 332-33 
phenolic compound/scent, 161, 181, 200, 201, 225 
phenological displacement, 486, 507-11 
phenology: 483-93, 500-501, 507-511; of flowers/plants, 479, 
556, 582-83, 593, 598, 603, 632; of visitors, 267, 506, 516, 633 
phenotype, 7, 51 460; extreme/isolated, 101, 279; intermediate, 
101, 264; range of 437, 444, 465; space, 474 
phenotypic specialization, 458, 470 
phenylacetaldehyde, 141, 144, 145, 148, 328 
phenylalanine, 199, 201 

pheromone, 136, 138, 144, 150, 226, 229, 253, 341, 407, 413-14, 
561, 571, 615 ; pheromonal mimicry, 138, 150, 297, 395, 
536-38, 562 
philopatry, 396 
phily value, 447, 459, 585 
phloem, 178, 190, 192, 194-95, 200, 229 
phoresy, 552-53 
phorid (fly), 305, 306, 317, 551 
photon, 111 

photoperiodic effect/trigger, 141, 212, 488, 577, 590, 633 
photopigment, 112. See also visual pigment 


photoreceptor, 111-12, 121, 293 
photosynthate, 194, 235, 237, 469, 552, 556 
photosynthesis, 108, 194 
Phyllostomidae, 286, 356 

phylogenetic analysis/comparison, 68, 75, 85, 121, 133, 157, 177, 
207, 269, 272, 274, 381, 389, 418, 455, 463, 470-72, 475, 488, 
494, 495,509,512 

physical defences/protection; of flower, 301, 545^-8, 559-60; of 
ovule, 33; of pollen, 156 

physical fit, flower/pollen to visitor, 6, 7, 234, 266, 298; pollen to 
stigma, 156 

pierid (butterfly), 285, 322, 325-26, 328-29, 332, 633 
pigment, in flowers, 105-9, 110, 121, 124, 125, 132-33, 236, 557 
pin flower, 77-79, 86, 559 
pinene, 135-36, 138, 144, 146, 226, 228, 358 
pistil, 3, 13, 18, 20, 51, 192, 237, 528 
pistillate flower, 20, 51-52, 57, 100, 595 
Plantaginaceae, 38, 420, 525 
plantain, 99, 313, 363, 420, 422-23, 428, 464 
plant growth substance/hormone, 51, 58, 492 
plant presentation, 5, 6 
plastid, 105, 106, 108-9 
pleiotropy, 100, 121, 132, 467, 557 
plumose: hair, 312, 356, 386; style/stigma, 23, 420, 422 
Poaceae, 82, 313, 418, 419, 427 
polar regions, pollination in, 75, 232, 489, 591-99 
Polemoniaceae, 26, 75, 113, 126, 133, 348, 363 
pollen, 154-89; adhesion, 23, 298, 385, 414; amount, 5, 64, 98-99, 
184, 185-89, 263, 330, 354, 362, 367, 426, 428,476, 558, 632; 
carryover, 59, 61, 64-67, 83, 176, 189, 286, 336, 354, 456, 463, 
499-501; chemistry, 177-78; clogging, 73, 505, 510; color, 66, 
158-61, 394; “compartments” on visitors, 61, 63, 172, 336, 354, 
500; competition, 59, 184-85, 503, 520; deposition on stigma, 
22, 61, 64, 66, 83, 85, 98, 280, 283, 285, 286, 333, 336, 391, 

439, 454, 461, 490, 493, 495, 572, 613, 616, 627, 632; deposi¬ 
tion on visitor, 40, 42, 263, 361, 375, 389, 531; dimorphic, 156, 
160-61, 176; discounting, 67, 279, 499, 500; dispersal, 7, 51, 
59-64, 66-67, 160, 173, 279, 290, 330, 336, 354, 426-28, 498, 
520, 590, 623, 624; dosing, 166; fate, 60, 188; as food, 177-80; 
foreign, 22, 77, 161, 286, 504, 505; fossil, 90, 92, 178; gather¬ 
ing, 171-77; germination, 3, 23, 55-56, 64, 73, 82-83, 156, 161, 
178-79, 181, 184, 424, 429, 493; hydration, 23, 56, 90, 156, 

162, 168, 182, 424; layering, 62-64, 354; limitation, 58, 67-69, 
426, 510, 596, 598, 620, 622; longevity, 179, 181-83, 298; pack¬ 
aging, 168-71, 182; placement, 45, 76, 77, 266, 353,472, 511, 
514, 571; preference, 161, 179, 180-81, 386, 388, 389-92; rec¬ 
ognition, 23, 73-74, 81-82, 155-56, 184; repellence, 161, 177, 
180, 547, 562; quality, 154, 179, 181, 390, 504; quantity, 67, 

154, 181, 185-89, 392, 504, 558; rejection by animals, 177, 386; 
rejection by stigma, 81-82; scent, 161, 294, 389; size, 158-59; 
structure, 154-57; toxic, 180; viability, 181-83, 301; wind- 
borne, 418-27,613 
pollen basket, 386-88 
pollen-bearing area (PBA), 185-86 
pollen-collecting apparatus, 156, 385, 387-88 
pollen donor, 59, 184, 354, 431, 493, 504, 519-20, 598 
pollenkitt, 142, 155-57, 160, 161, 164, 168, 171, 173, 180, 420 
pollen load: on stigma, 32, 188, 189, 285, 616; on visitor, 62, 188, 
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243, 276-77, 280, 299, 328, 335, 357, 361, 375, 387, 388, 390, 
392, 405,411,417, 571,608 
pollen mother cell, 155 

pollen-only flower, 33, 74, 173, 183-84, 391, 444, 597, 606 
pollen/ovule ratio, 184, 186-89, 281, 420, 426, 428, 431 
pollen pocket, 568 

pollen presentation: by explosive mechanism, 44; by lever mecha¬ 
nism, 37-38, 163; primary/secondary, 14, 43, 163-64, 187 
pollen presenter, 165 
pollen press, 388 
pollen raft, 430 

pollen sac, 15, 163, 169, 423, 529 

pollen tube: 4, 13, 21, 23-24, 55, 56, 60, 81-83, 128, 156, 180, 
184, 230, 282, 429-30, 557, 628; competition between, 92, 184, 
353,520 

“pollen waster,” 7, 619 

pollinarium (pi. pollinaria), 46, 84, 170, 212, 284, 297, 316, 354, 
408 

pollination chamber, 75-76 
pollination drop, 423-24, 432 

pollination/pollinator effectiveness, 10, 56, 61, 64, 94-95, 173, 
186, 201, 202, 230, 234, 255, 257, 264, 267-68, 275, 279-87, 
291-92, 294, 297, 299, 309, 310, 322, 330, 333, 336, 354, 371, 
373, 375, 377, 411, 417, 434, 443, 447^18, 454-57, 461, 463, 
464, 467-68, 473, 476, 477, 487, 493, 534, 542, 549, 552, 566, 
578, 599, 607, 608, 611, 612, 613, 622 
pollination fluid, 88 
pollination probability index, 280-81 

pollination syndromes: critique of, 435—41; defense of, 261-75; 
447-51, 473-79 

pollination webs: 279, 435, 445-58, 630, 631; connectance in, 
447-51, 458, 469, 583, 585; critique of, 447-51: nestedness in, 
449, 451-53. See also visitation webs 
pollinator declines, 264, 436, 598, 602, 609, 619, 620-26, 629, 
631,635 

pollinator extinction, 10, 266, 268, 454, 457, 473, 477, 570, 599, 
600, 602, 614, 620, 622, 633 
pollinator “importance,” 280-81, 283, 454 
pollinator limitation, 68, 70, 71, 506, 536, 599, 622 
pollinator service, 10, 279, 619 
pollinator shifts, 68, 146, 218, 266, 274, 349, 479, 581 
pollinium (pi. pollinia), 26, 45—46, 59, 87, 150, 164, 169-70, 172, 
182, 188, 223, 227-29, 296, 302, 317, 330, 385, 395, 408, 514, 
535, 536^10 

polyad, 157, 163, 169-70, 182, 188 
polycarpy, 483 
polyculture, 617 
polyethism, 396 
Polygonaceae, 420, 422, 488 

polylecty, 180-81, 267-68, 277, 389-91, 415, 438-39, 578, 630 

polyploidy, 72, 101 

polysaccharide, 156 

polysporangiate, 15, 16, 166 

pompilid wasp, 201, 296, 297, 539 

Pontederiaceae, 78, 161 

poricidal/porose anther, 16, 173, 175, 228, 386, 581 
possum, 178, 371-76 

postsecretory changes, of nectar, 207, 212-16 


predator (of flower visitor), 5, 88, 124, 233, 244, 374, 377, 485, 
502, 550-52, 629 

principal component analysis (PCA), 465, 513 
proboscis, 77, 245, 456; of beetle, 289-90; of fly, 271, 306-307, 
309, 312-13, 514; of lepidopteran, 61, 77, 229, 322-25, 571. See 
also tongue 

proboscis extension reflex (PER), 121 

profitability: of flower; 234, 243, 244, 246, 250, 324, 385, 

400-101, 461, 517, 618; of nectar, 206, 208, 216, 245, 255, 

352, 383,398, 455,517 
proline: in nectar, 200, 201; in pollen, 180, 367 
protandry (adj. protandrous), 33, 36, 73-75, 77, 84-85, 141, 209, 
268, 366, 412, 421, 501, 528-29, 536, 549, 610 
protective structures on flowers, 11, 13, 24, 33, 36, 38, 92, 214, 

237, 291, 320, 420-21, 545-17 

protein: in nectar, 202; in pollen, 8, 82, 155, 156, 177-81, 182, 
241,312, 356, 367,417 

protogyny (adj. protogynous), 33, 41, 48, 73-75, 84, 85, 141, 209, 
317, 320, 422, 432, 528, 571, 594 
pseudocopulation, 45, 171, 295-97, 301, 395, 528, 535, 536-40 
pseudopollen, 528-30 
pseudostamen, 126, 161 
pseudotrachea, 306-7, 312 
psychophily, 262, 329-30 
Pteropinae, 356 
puddling behavior, 324 
pyrrolizidine alkaloid, 229 

quantitative trait loci (QTL), 203, 220, 274, 465 
quasisocial bee, 396 
quercetin, 160 
quinine, 394 

raceme (adj. racemose), 25-28 

radial symmetry, 28, 30-31, 33-34, 40, 48, 50, 54, 79, 94, 97, 109, 
125, 173, 218, 263, 275, 291, 307-9, 334, 347-19, 378, 387, 

400, 404, 409, 415, 470, 472, 502, 581 
rain forest, flowering/pollination in, 70, 225, 373, 419, 576, 

583-91 

rain, effects of, 32, 59, 168, 195, 215, 247^19, 341, 432, 577 
Ranunculaceae, 11, 14, 20, 39, 75, 113, 144, 181, 192, 196-97, 

239, 289, 308, 313, 348, 349, 422, 488, 595, 597-98 
ray floret, 47-49, 57, 109, 164, 494 
realized specialization, 459-60 

receptacle, 12, 13, 23-24, 34, 36, 49, 364, 374, 375, 431, 528, 
568-70 

receptivity: of stigma 5, 6, 23, 29, 42, 56, 59, 73-74, 84, 87, 164, 
183, 186, 211, 279-81, 286, 352, 367, 426, 428, 431, 487, 491, 
528, 599, 608, 610 

receptor: chemical/olfactory, 140, 201, 307, 327, 395; on stigma/ 
pollen, 23, 82; touch, 359; visual; 111—16, 121, 290, 293, 326, 
340, 393-94 

recessive gene, 68, 72, 83 

reciprocal: enantiostyly, 80; exploitation, 99; herkogamy, 74, 77; 

specialization 436, 456, 477 
refractive index, 205 
refractometer, 202, 205, 208 
regular symmetry, 28, 30 
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regurgitation: of nectar, 210, 241, 324, 325, 384, 388, 612; of sali¬ 
va, 207, 304, 306 
relative specialization, 439, 459 

repellence: of ants, 149, 152, 547, 562—63; by flowers, 124, 152, 
180; of visitors, 149-50, 151, 161, 177, 201, 538-39 
reproductive: assurance, 53, 70, 80, 87, 268, 301, 420, 491, 493; 

isolation, 98, 99, 101, 148, 275, 287, 434, 465, 467, 514 
resilin, in butterfly tongue, 324 

resin, 101, 121, 223-25, 414, 442, 468, 472, 475, 476, 515, 591, 
602 

resource usage index, 459 

restoration, of plant communities, 446, 448, 614, 635 
revolver flower, 32, 36, 41, 270 

rewardless flower, 142, 225, 351, 442, 526-28, 531-33, 536, 537 

rhabdom, rhabdomere, 112—13 

rhagionid (fly), 305, 306 

rhizome, 58, 592 

rhodopsin, 112, 114, 359 

riodinid (butterfly), 322 

risk: averse/sensitive, 205, 245, 341, 401, 498, 551; of specializa¬ 
tion, 268, 436, 461,622 
robbery. See theft 

rodent, pollination by, 112, 179, 207, 241, 371-76, 470, 476, 581 
Rosaceae, Rosidae, 26, 33, 58, 77, 82, 94, 95, 126, 144, 146, 158, 
175, 289, 295, 308, 311, 313, 423, 436, 445, 488, 490, 510, 526, 
609 

rostellum (of orchid), 45 46, 227, 228, 296, 535, 614 
rostrum, 289-90, 306-307, 312 

Rubiaceae, 14, 26, 42, 78, 246, 330, 332, 335, 348, 363, 488, 587 
rubytail wasp, 296 

rules: for foraging, 217, 341, 342, 412; for departure, 253, 406 

saccus (pi. sacci), 420, 423, 424 
Salicaceae, 57, 420, 421 
saliva, 172, 207, 217, 304, 306, 324, 325, 383 
sampling bias, 177, 448, 476, 621 
sampling effort, 447, 448^19, 451, 454, 469 
sap, 105-7, 108, 178, 190, 192, 295, 322, 324 
sapromyophily, 262, 299, 315, 320, 533, 535-36 
saprophily (adj. saprophilous), 146—47 
Sarcophagidae, 277, 305, 446 

savanna, flowering in, 167, 222, 335, 364, 376, 403, 404, 415, 417, 
450, 491, 511-12, 547, 561, 575, 576-78 
sawfly, 95, 115,295,539 
Saxifragaceae, 26, 316, 320, 565 
scaling effect, 50, 241, 245. 247, 459, 499 
scatopsid (fly), 304, 305 

scent: 134-53, 262, 266, 376, 476; of anther/pollen, 17, 125, 142, 
161, 294, 389; of bee, 416; change, 126, 127, 149-50, 537; dis¬ 
crimination, 146-48, 395, 570; of flower, 6, 14, 46, 89, 118, 124, 
147, 262; fruity, 89, 94, 294, 309; learning, 148^19, 278, 327, 
395; mimicry, 138, 150-51, 152, 297, 302, 526-27, 535^10; 
morphs, 124, 140, 149; musty, 46, 144, 291, 299, 303, 308, 395; 
of nectar, 142, 201, 217, 297; plume, 147; preference, 141, 151, 
261; repellence, 149-52, 177, 180, 201, 538-39, 547, 562-63; 
reward, 152-53, 225-29, 408; types, 134-38, 144—46; variation, 
14046; yeasty, 137, 373, 376 
scent emission: rhythmicity/timing of 14344; 571 
scent gland, 142, 537 


scent mark, 142, 149-50, 398, 414, 543 
schizophoran (fly), 305, 306, 309 
sclerophyll plant, 582 
scolioid, 296 

scopa (pi. scopae), 166, 171-73, 276, 282, 386-89, 392, 404, 407, 
415, 592, 608, 619 
scout bee, 276, 410, 415 

Scrophulariaceae, 26, 3640, 69, 82, 126, 174, 197, 222, 223, 239, 
270, 313, 346, 348, 349, 404, 405, 409, 488, 529, 532 
sculpturing: of petals. 132; of pollen, 79, 155, 156-57, 159; of 
stigma, 79 

search image (of flower visitor), 7, 48, 98, 224, 276, 279 

search image hypothesis, 278 

secondary nectar presentation, 192 

secondary pollen presentation, 14,43, 164—65, 187 

secondary sexual character 

secondary robbery/theft, 340, 410, 54344, 549, 610 
seed dispersal, 59, 454-55, 483, 487, 489, 520-22, 561, 567, 592, 
631 

seed fern, 88 
seed plant, 88, 90 

seed predation, 436, 485-87, 511, 554, 558, 564, 566 
seed set, 11,59, 65,67,71-73, 83, 87, 170, 181, 184, 189,211, 
223, 255, 270, 280-81, 284, 286, 335, 364-65, 375, 383, 426, 
427, 431, 454, 456, 461, 463, 473, 485-87, 495, 504, 506, 508, 
510, 515, 521-22, 548, 549, 551, 562, 592, 594, 596, 597, 604, 
605, 606, 608, 613, 616, 621, 622, 627, 630 
seed-eating pollination, 229, 565 

selection: automatic, 72; differential, 287, 554, 632; disruptive, 

101, 465, 467, 486; pollinator-mediated, 99, 100, 101, 118, 132, 
154, 269-74, 345, 435, 467, 468, 476, 554, 559, 597; selective, 
101; sexual, 189, 209, 495; for specialization, 391, 464-68, 471; 
stabilizing, 443—44, 486 
selection slope, 287 
selectivity, 459-60, 477, 583-84 

self-compatibility, 42, 68, 69, 75, 81, 83, 343, 588-89, 594-95, 
598, 600, 602 

self-fertilization, 23, 55, 56, 70, 71-73, 75, 92, 268, 515, 594. See 
also autogamy, geitonogamy 

self-incompatibility, 23, 42, 53, 56, 58, 69, 73, 74, 77, 81-83, 87, 
92, 184, 299, 418, 549, 588, 598, 600, 613, 618 
selflng, 5, 58, 67, 188, 422, 486, 498, 499, 531, 555, 617. See also 
self-fertilization, etc. 

self-pollen, 53, 60, 61, 64, 66, 67, 73, 81, 82-84, 86, 87, 164-65, 
291,499,500,531 

self-pollination, 64, 67, 68, 70-71, 87, 301, 302, 493, 598, 601, 
603. See also self-fertilization, etc. 
semelparity (adj. semelparous), 238 
semisocial bee, 196, 396, 407 
senescence, 15, 24, 125, 237, 489, 492, 543 
sense cell, sense organ. See receptor 

sensory: billboard, 53, 152; capacity/ability, 7, 53, 110, 306-7, 
326-27, 340^41, 358-59, 392-95; modality, 149, 152, 278, 358 
sepal: 12-15, 30, 32, 33, 34, 35, 36, 40, 75, 105, 121, 142, 143, 
191-92, 215, 236-37, 282, 352, 431-32, 527, 542^13, 545, 548, 
563,589 

sepsid (fly), 305, 309, 317, 534 

sequential: dehiscence, 165, 461; flowering, 84-85, 183, 292, 442, 
489, 501, 509, 526, 589; hermaphrodite, 84; mutualism. 442, 510 
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sesquiterpene, 135, 136, 142, 143, 145, 228 
set-aside, 635 
sex expression, 58 

sex ratio (in plants): flower within individuals, 26, 249, 527; in 
populations, 249, 601, 605 

sexual: deception, 150, 295; dimorphism, 51, 420, 468; phase, 73, 
75, 84, 125, 141, 211, 212, 534; reproduction, 55, 237, 238, 239, 
247, 597; selection, 189, 209, 495 
shape change, in flowers, 5, 32-33, 50, 129, 130 
shelter pollination, 230 
shelter, flowers as, 5, 88, 230, 231 
SI/SI loci, 74, 81-83, 588, 600, 603 
sieve plate, 192 
Silurian, 88 
Simuliidae, 305, 319 
size dimorphism, 51, 53 
skipper butterfly, 322, 325, 328 
snail, pollination by, 377 
snow-line, 592-93, 596-97, 598 

social: bee, 10, 45, 94, 149-50, 225, 244, 245, 276, 277, 379, 384, 
388, 391, 395-98, 399, 401, 402, 407, 408-17, 442, 458, 462, 
497, 517, 551, 580, 587, 611, 618, 619, 622; facilitation, 

397-98, 413; learning, 413 

sociality, social behavior, 150, 379, 395, 396, 397, 407 
Solanaceae, 14, 17, 26, 82, 174, 184, 222, 228, 266, 332, 335, 
362-63,405, 408,488, 532, 545 
solar tracking, 232—33, 595 
soldier beetle, 288-89 
soldier fly, 305, 306, 309 
solid-phase microextraction (SPME), 140 
solitary bee, 38, 39, 42, 44, 46, 115, 122, 150, 176, 198, 205, 221, 
230, 231, 255, 271, 276, 282, 287, 303, 310, 378, 379, 391, 392, 
395-96, 397-98, 399, 403-6, 417, 437, 443, 449, 462, 464, 471, 
510, 525, 536, 540, 544, 550, 580, 583, 597, 603, 606, 609, 610, 
611, 612, 613, 615, 616, 619, 622, 624, 625, 626, 633, 635 
sonication, 167, 173-76, 221, 244, 313, 386, 391, 392 
Southeast Asia, pollination in, 15, 123, 338, 356, 363, 371, 404, 
409, 471, 491, 509, 517, 535, 561, 583, 584, 586, 587, 591, 597, 
612 

Southern Africa, pollination in, 118, 193, 207, 222, 270, 288, 292, 
293, 297, 306, 310-11, 321, 333, 338, 349, 402, 403, 406, 470, 
514, 534, 539,580,624 
spadix, 27, 164, 230, 319-20, 533-34 
spathe, 27, 138, 225, 228, 319, 430, 533-36, 566 
spatial: learning, 342, 401; memory, 359, 360, 366, 590; prefer¬ 
ence, 131; separation, 66, 74, 75-81, 84, 367, 544; web, 449 
specialist: flower, 36, 74, 75, 153, 243, 261, 267, 293, 303, 309-11, 
313, 320, 434, 435, 438, 439, 441, 459, 461, 473, 550, 587, 595, 
597, 635; flower-visitor, 94, 99, 101, 118, 123, 124, 161, 167, 
171, 180, 181, 261, 267, 268, 269, 282, 286, 297, 306, 320, 336, 
340, 355, 356, 389, 398, 405^108, 410, 436, 441, 442, 443, 447, 
451, 458, 461, 462, 468, 471, 473, 574, 577, 578, 581, 602, 624; 
syndrome, 98, 270 

specialization: 274-75, 282-87, 390-91, 434-42, 443^14, 455, 
458-64, 468-71, 473-79, 583, 591, 601; costs and benefits to 
plants, 268, 436, 454, 461; definitions of, 458-60; degrees of, 9, 
101, 227, 261, 267, 353-54, 438^10, 451, 453, 467, 581, 620; 
explanations/causes of, 96-98, 268, 270, 274, 287; rarity of ex¬ 
treme cases, 352, 442, 462, 473; reversal of, 471-73; selection 


for, 56, 71, 443^44, 464-68; spatial variation in, 267, 271; tem¬ 
poral variation in, 184 

speciation, 3, 8, 31, 32, 95, 96, 98, 99-101, 123, 140, 141, 268, 
269, 279, 287, 434, 443, 465, 467, 472, 570, 601 
spectral sensitivity, 111-12, 114, 117, 121,393 
sperm nucleus, 21 

sphecid wasp, 94, 95, 178, 296-97, 303, 537, 539, 550, 607 
sphingid, Sphingidae, 145, 210, 262, 271, 285, 322, 325, 327, 332, 
333-36, 367, 368, 378, 445, 446, 532, 586, 602. See also 
hawkmoth 

sphingophily, 262, 333-36 
spider, 124, 333, 377, 550-52 
spider-hunting wasp, 296 

spike (of flowers), 26, 27, 28, 38, 42, 84-85, 100, 209, 235, 332, 
342, 345, 378, 387, 407, 412, 422, 430, 498, 501-2, 533, 541, 
557,564, 571 
spikelet, 422 

spinebill, 338, 343, 344, 348, 375 
spines, as defence, 546, 560 
spittlebug, 557, 558 

spore, 55, 88, 154, 160, 198, 202, 415, 554 

sporophyte, 82, 184 

sporophytic protein, 155 

sporophytic self-incompatibility, 74, 81-82 

sporopollenin, 156, 164 

squirrel, 371, 543, 635 

squirrel glider, 374 

stain, for pollen, 181 

stamen: 12, 13, 15-19, 142, 162-68, 192, 237, 315, 330, 349, 352, 
361, 362, 364, 367 ; adnate, 15-16; moveable, 38, 44, 48, 77, 
164, 422; number, 18, 45, 79, 247, 367, 421, 423; sensitivity, 
163, 164; unrewarding, 18, 528-30 
staminal tube, 42 

staminate flower/phase, 20, 29, 51, 52, 57, 84, 100, 595 
staminode, 18-19, 93, 291, 298, 314, 365, 526, 528, 529, 535 
standard petal, 42, 44, 45 

standing crop (of nectar), 177, 204, 217, 253, 343, 600 
starch: as nectar source, 194; in pollen, 156, 162, 173, 177, 179, 
182,428 

steady-state flowering, 484, 518 

sterile: anther, 19, 163; flower, 49, 52, 57, 109, 237, 364, 500, 536, 
568; pollen, 156, 180,529 
sternotribic flower, 39, 40, 529 
sterol, 178 

stigma: 3, 4, 13, 18-24, 33^19, 53, 63, 74, 142, 420, 428; area, 59, 
185-86, 367, 422, 426, 428; brush, 44, clogging, 73, 79, 83, 86, 
161, 462, 504, 505, 510, 526; depth, 74, 186, 426; lobe, 23-24, 
48, 87, 432; movement, 534; position, 75-81, 84, 315; receptivi¬ 
ty, 29, 56, 59, 73, 74, 84, 183, 184, 186, 211, 279-81, 286, 352, 
426, 428, 431, 487, 491, 528, 599, 608, 610; shape, 22, 54, 80, 
89, 169, 422, 429, 430, 431, 572; surface, 43, 48, 55, 79, 81, 82, 
91, 155-56, 164, 408, 535, 544, 569 
stigmatic exudates/secretions, 23, 45, 92, 190, 225, 289, 292, 302, 
386, 534, 535 

stingless bee, 94, 149-50, 199, 206, 249, 255, 380, 384, 391, 396, 
398, 413-14, 518, 544, 586, 587, 605, 607, 614, 624 
stomata (on nectaries), 195, 205 
stratiomyid (fly), 284, 305, 306, 309 
Strelitziaceae, 156, 348, 375 
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strobilus (pi. strobili), 91, 423, 424 

style: 4, 13, 19, 20-24; elongation of, 22, 37, 52, 603; polymor¬ 
phic, 77-79, 342; shape, 20, 22-23, 38, 40, 43, 44, 48, 74, 77, 
79-80, 192, 364, 373, 421, 428, 430, 568 
subsocial bee, 396, 397 
succession effects, 471, 485-86, 580, 588 
sucrose, 119, 209; in nectar, 195-98, 200, 205, 207, 208, 214, 218, 
230, 324, 344, 347, 352, 373, 384, 416, 515, 599; in pollen, 182, 
183, 209; detection of, 307 

suction feeding, 206, 207, 304, 306, 324, 339, 379, 407 
sugar glider, 372, 374, 375 
sugar. See sucrose, nectar, pollen 

sunbird, 67, 112, 127, 199, 201, 206, 210, 241, 242, 285, 338-39, 
340, 343, 348, 351, 352, 354, 471, 519, 580, 581, 586, 588, 596, 
614 

supergeneralist, 414, 458, 459, 461, 600, 601, 615 
swing-hovering, 333, 552 
syconium, 568-70 

symmetry, 28-31, 33, 36, 44, 97, 130. See also bilateral, radial 
symmetry genes, 28 

sympatry (adj. sympatric), 98, 121, 146, 265, 340, 408, 471, 495, 
513,525,603 

Symphyta, 295. See also sawfly 
synandry, 15, 18 
synapomorphy, 156 
syncarpy, 18, 20 

synchronized flowering, 84, 369, 404, 430, 442, 483, 484, 485-87, 
511,567,569,573, 589,590 
syndrome gradient, 274 

syrphid (fly), Syrphidae, 31, 42, 118, 122, 171, 176, 179, 251, 254, 
283, 284, 287, 294, 297, 303, 304, 305, 306, 307, 311-315, 405, 
444, 445, 450, 451, 461, 464, 496, 559, 597, 623, 626. See also 
hoverfly 

tabanid (fly), 32, 305, 310, 311, 525, 581 
tachinid (fly), 65, 251, 285, 305, 309, 311, 320, 496, 497, 498 
taiga, pollination in, 309, 592 
tapetum: in anther, 155, 156, 182; in eye, 113 
tarsus (pi. tarsi), 149, 225, 277, 385, 387, 388, 545 
temperature regulation: 7, 240—41, 249-53, 329, 338, 578, 591; by 
bees, 241, 243, 378, 409, 414, 578; by hummingbirds, 244, 341; 
by sphingids, 333 
temperature threshold, 444, 613 

temperature effects: on flower, 32, 99, 110, 123, 141, 144, 167-68, 
182, 184, 195, 208, 212, 216, 247^19, 251, 253, 352, 486, 488, 
489, 577, 578, 587, 589, 592, 596, 632; on visitor, 210, 240^11, 
244, 249-53, 255, 329, 335, 408, 471, 517, 519, 578-79, 588, 
591,594, 596,610, 613 

temporal: herkogamy, 74, 77; heterotherm, 241, 341 
tepal, 13, 165,291,293,589 
tephritid (fly), 229, 305, 307, 309 

terpene, 108, 135-36, 142^13, 145, 223, 226, 228, 358, 537, 538 
terpenoid, 135-38, 143^16, 156, 223, 330 
territoriality: 67, 591; in bats, 361, 599; in bees, 533, 552; in flies, 
307, 315; in birds, 342-45, 354, 468, 519, 596 
territorial marking, 150 
tetrachromatic vision, 112, 117, 340 
theca, 15, 367 


theft/robbery: effects of, 549-50; of nectar, 33, 340, 387, 542^14, 
564, 612, 622; of pollen, 320, 391, 543 44; protection against, 
33,201,208, 374, 545^19 
therevid (fly), 305, 306 

thermogenesis: in flowers, 5, 89, 138, 144, 230-32, 239, 291, 316, 
320, 371; in flower visitors, see endotherm 
thorax (insects): heat production in, 241; pollen deposition on, 36, 
38, 40, 170-72, 227, 263, 386-87, 408, 514, 568, 611 
Thraupidae, 338 

thrip, 89, 124, 145, 147, 161, 178, 294, 301-2, 469, 542, 565, 
566-67, 587, 613 
thripophily, 301 

thrum flower, 66, 74, 77-79, 86, 559 
thynnine wasp, 140, 297, 538-40 
Thysanoptera, 301-302 
tibia (pi. tibiae), 225-27, 387-88 

timing: of dehiscence/pollen availability, 59, 66, 165-68, 280, 512, 
608; of flowering/anthesis, 248, 262, 303, 366, 425, 483-89, 

502, 505, 508, 577, 582, 632; of nectar production, 207, 211, 
212, 215, 216, 267, 590-91, 610; of plant reproduction, 238; of 
sex phases, 75, 100; of stigma receptivity, 23, 29, 280; of stig- 
matic exudate, 23; of visitor activity, 167, 210, 240, 250, 267, 
313, 392, 401,559, 613 
tiphid wasp, 296, 297 

tongue: 6, 17, 31, 33, 36, 39, 40, 42, 44, 50, 77, 119, 163, 168, 170, 
191, 196-97, 206, 207-8, 212, 213, 218, 234, 244^-5, 247, 263, 
275, 303, 374, 444, 512, 552, 588, 603, 625; of bat, 356-58, 

359, 366, 367, 591; of bee, 7, 11, 38, 40, 41, 44, 46, 163, 192, 
196-97, 206-7, 255, 268, 378, 379-86, 391, 403^4, 407, 408, 
409-10, 413, 414, 444, 454, 468, 477, 516-18, 542, 594, 597, 
609, 610, 619; of bird, 192, 207, 337, 339^40, 344, 353, 552, 
591; of fly, 32, 38, 42, 44, 67, 271, 274, 306, 309, 310-12, 
313-14, 444, 525, 593; of lepidopteran, 32, 170, 192, 206, 265, 
270, 277, 285, 322-26, 329, 330, 333-36, 542 
tongue-lashing, 210, 612 
torpidity, 241, 250, 341 

trade-offs: in flower number, 248, 494-95, 498; defense-related, 
547—48, 561; life history-related, 52, 238; pollen-related, 186, 
236; pollinator-related, 465-67 
trail following, 375, 414 
transposon, 132 

trap flower, 8, 49, 54, 74, 75. 138, 225, 228, 263, 284, 294, 

316-20, 533, 534-36, 539, 566 

traplining: 67, 443, 484; by bat, 360; by bee, 226, 401, 406, 407-8, 
410, 412, 590; by butterfly, 228; by hummingbird, 247, 342, 

343, 354, 519; by monkey, 374 

travel distance, 7, 59, 61, 98, 241, 244, 253, 275, 280, 285, 294, 
304, 330, 360, 378, 397, 398, 406, 407, 411, 439, 441, 

520, 619 

travel time, 249, 275, 412, 415 
tree fern, 89 

trichome: defensive, 545 46. 563; nectar-producing, 192—95; oil- 
producing, 221-23; scent-producing, 14 
trichromy, 105, 111-12, 115-16, 290, 307 
trigger plant, 77, 164 

triggering: of anther opening/movement, 162, 163-64; of color 
change, 127, 128; of flowering, 484, 486, 488, 577-78, 587, 

589; of odor change, 149; of pollen release, 42, 48, 164, 166, 
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186, 375, 420; of senescence, 15, 492-93, 543; of sex phase, 75, 
84 

trip (to flower or floral patch): constancy within, 99, 181, 275, 276, 
361, 389-90, 410, 415, 458, 461, 618; distance, 244, 360, 378, 
414, 619; duration, 210, 217, 245, 393, 414; frequency, 175, 

359, 393,611 
triploid, 56 

tripping, 43 44, 129, 409, 609, 619 
tristyly, 65-66, 74, 77-79, 81, 161 
trochilid, Trochilidae, 337, 338, 340, 347, 368. See also 
hummingbird 
trochilophily, 337 

tropics, pollination in, 38, 85, 86, 96, 122, 123, 146, 205, 212, 222, 
223, 225, 249, 274-75, 291-93, 310, 332, 335, 337-38, 348, 
356, 361, 363, 368, 384, 402, 403, 404, 436, 442, 447, 463, 471, 
476, 483, 490, 491, 509, 517, 518, 544, 567, 570, 583-91, 619, 
622, 624, 633 

tropy value, 447, 459, 478, 585 
trypetid (fly), 305, 309 
tryphine, 155, 168, 171 
tube nucleus, 21 

tundra, pollination in, 149, 232, 309, 442, 443, 448, 576, 591-96, 
597 

turgor, 126, 195, 529 

ultraviolet (UV): detection/response, 112-14, 117, 120, 290, 295, 
297, 302, 326, 340, 359, 393-94; reflectance, 105, 106, 111, 

113, 114-16, 121, 123, 125-26, 127, 160, 393-94; protection 
against, 121, 133, 155 

umbel, 25-26, 27, 28, 29, 84, 124, 284, 307, 309, 528, 456, 551, 
607,610 

umbellifer, 11, 25, 46, 48, 57, 84, 96, 109, 215, 275, 284, 293, 296, 
299, 306, 308,407, 436, 528, 610 
understory, flowering in, 91, 195, 316, 354, 417, 485, 547, 586, 

587 

unimodal: activity patterns, 329; nectar secretion, 212 
unisexual flower/plant, 20, 51-52, 56, 57, 75, 84, 85, 86, 89, 92, 
186, 227, 238, 301, 418, 420, 422, 423, 428, 526, 531, 566, 568, 
600, 601 

unrewarding: anther, 18; flower, 52, 500. See also empty 
Urticaceae, 420 

valvate stamen, 15, 16, 17, 162, 168 

vector (of pollen), 58, 64, 70, 88, 155, 163, 172, 180, 182, 188, 
229, 304, 354, 463, 465, 467, 469, 490, 510, 601 
vegetative: clone/growth, 55, 58, 486, 572, 583, 592, 597, 613; nu¬ 
cleus, 56, 155; reproduction, 238, 461, 597; scent, 146, 327; tis¬ 
sue, 223, 236, 247, 429; trait, 132 
velvet ant, 296 
Verbenaceae, 14, 26, 488 

vertebrate (visitor) (see also bat, bird), 5, 40, 61, 86, 95, 96, 112, 
117, 118, 119, 138, 171, 199, 202,240,243,267,275,280,285, 
340, 341, 359, 370-77, 462, 469, 496, 586, 622 
vespid, 95, 151,297 
vexillum, 359-60 

viability (of pollen), 172, 181-83, 301, 377 
virus, effects of, 631; transmission of, 301, 553 


viscid (structures), 45, 227, 538 
viscidium, 46, 170, 171, 299 

viscosity (of nectar), 196, 205-8, 217, 218, 240, 244, 248, 253, 

324, 337, 344,352,383,416 

visitation rate, 216, 232, 243, 244, 281, 286, 343, 360, 443, 454, 
466, 487, 490, 492, 498, 499, 502, 508, 510, 527, 555, 558, 559, 
602, 603, 619, 630 
visitation web, 447, 456, 479 

visual: acuity, 115; discrimination, 9, 340; minimum visual angle, 
117; pigment, 115, 326; receptor, 114; signal, 5, 14, 15, 17, 
105-32, 152, 158, 293, 341, 359, 371, 501; spectrum, 112, 116 
volatile (organic compound, VOC), 134, 545; as scents, 134-53, 
161, 201, 228, 264, 316, 319, 320, 358, 389, 527, 534, 538, 566, 
570 

waggle dance, 416 

warmth, as a reward, 89, 230, 232, 250, 320, 395, 595 
wasp: 46, 74, 75, 92, 119, 151, 192, 196, 197, 199, 202, 204, 272, 
275, 286, 288, 295-98, 308, 436, 469, 476, 497, 532, 536, 537, 
540, 560, 580, 581, 586, 588, 606, 610, 611. See also braconid; 
eumenid; masarid; mason; pompilid; scolioid; sphecid; thynnine; 
tiphid; vespid 

water balance: of pollen, 167, 168, 172, 182, 195, 420; of visitors, 
7,210, 296, 578,591,617 
water calyx, 14 
wattlebird, 338, 339, 344-^15 
weevil, 138, 145, 289, 294, 527, 564, 566, 613 
white-eye (bird), 265, 338, 349, 354, 600, 602 
wilting, 15, 75, 125, 129, 228, 249, 484, 489, 490, 492, 493, 529, 
545 

wind pollination, 15, 51, 61, 75, 88, 89, 90, 94, 96, 98, 183, 187, 
188, 189, 236, 313, 417, 418^128, 507, 577, 581, 586, 601, 605, 
616, 617. See also anemophily 
wing loading, 243, 324, 329 
wing wear, 417, 551 
wing-fanning, 414, 579 
Winteraceae, 14, 92, 93, 169 

worker (bee), 40, 245, 269, 297, 298, 301.302, 383, 396, 397, 400, 
401, 409, 411, 412, 413-15, 417, 517, 526, 548, 561, 596, 598, 
615, 629 

xanthophyll, 106-8 
xenogamy, 55, 187 
Xyelidae, 295 
xylem, 178, 192 
xylose, 373 

yeast, in nectar, 198, 202 
yeasty odor 137, 202, 373, 376 

Zingiberaceae/Zingiberales, 26, 87, 347, 349, 510 
zoophily, 15, 67, 71, 83, 89, 96-98, 155, 160, 161, 162, 187, 189, 
418, 420, 422, 426, 563, 605 

zygomorphy (adj. zygomorphic), 28, 30, 31, 36, 39, 42, 44, 50, 75, 
77, 94, 95, 109, 125, 158, 261, 298, 311, 313, 315, 348, 349, 

378, 387, 400, 407, 414, 454, 472, 476, 514, 581, 609 
zygote, 21, 55, 56 
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Acrobates, 372 
Aethina, 631 
Aethomys , 372 
Agapostemon, 380, 392 
Aglae , 406 
Aglais, 325, 327 
Agraulis, 324, 325 
Agrius, 325 
Allodape, 380 
Amazonina, 302 
Amegilla, 380, 383, 607, 612 
Amphicoma, 292 
Ancycloscelis, 381 

Andrena, 150, 232, 254, 277, 282, 284, 286, 380, 383, 389, 391, 
395, 404, 405, 406, 532, 538, 540, 613, 619 
Anoura, 357 
Antechinus , 372, 375 
Anthidium, 285, 380, 391, 615 

Anthophora , 42, 127, 128, 150, 167, 217, 256, 277, 285, 286, 380, 
381, 383, 392, 398, 404, 405, 465, 472, 502, 549, 606, 611, 615 
Anthornis, 339 

Apis, 31,44, 62, 64, 112, 115, 119, 131, 133, 138, 149, 167, 176, 
179, 201, 210, 224, 235, 245, 255, 277, 278, 282, 283, 285, 377, 
379, 380, 383, 384, 386, 388, 389, 391, 392, 393, 394, 395, 396, 
397, 399, 401, 406, 408, 413, 414-17, 460, 461, 464, 502, 514, 
515, 517, 532, 542, 543, 544, 550, 551, 578, 580, 586, 602, 604, 
606, 607, 609, 610, 611, 612, 613, 615, 616, 619, 623, 625, 629, 
631,633 

Arachnothera, 338 
Argogorytes, 297, 537, 540 
Artibeus, 360 
Astrapetes , 344 
Augochlora, 380, 406, 624 
Augoderia, 291 
Autographa, 324, 325, 333 

Baccha, 314 
Bactrocera, 229 
Battus , 327 
Blastophega, 568, 569 
Boloria, 325 

Bombus, 31, 38, 44, 62, 64, 115, 122, 123, 149, 175, 179, 235, 

241, 245, 251, 255, 268, 269, 277, 279, 282, 283, 285, 333, 380, 
381, 383, 388, 392, 393, 394, 395, 396, 399, 401, 407, 408-13, 


415, 417, 443, 463, 465, 472, 502, 516, 517, 518, 527, 528, 532, 
549, 551, 592, 594, 597, 603, 610, 612, 613, 615, 621, 629, 

630, 633 

Bombylius, 282, 310, 311 
Braunsapis, 380, 567 
Byturus, 290, 626 

Calliphora, 284, 309, 607 
Callonychium, 115 
Caluromys, 375 
Camponotus, 547 
Campsoscolia, 150, 151, 296, 537 
Cataglyphis, 115 
Caupolicana, 380, 579 

Centris, 150, 210, 222, 380, 398, 525, 533, 578, 590 
Ceramius, 298 

Ceratina, 256, 268, 285, 380, 396, 407 

Ceratosolen, 570 

Ceratothrips , 302 

Cercartetus , 372 

Cerceris, 296 

Cetonia, 290, 294 

Chalicodoma, 210, 379, 380, 390, 392, 578, 616 
Charaxes, 324 

Chelostoma, 230, 254, 380, 389, 525 

Chiastochaeta, 566 

Coccinella, 115 

Cocytius, 323, 325 

Coelioxys, 380, 383 

Coelonia, 335 

Coenonympha, 199, 325 

Colletes, 150, 380, 383, 404 

Creightonellci, 380, 390, 393, 405, 610 

Crematogaster, 299, 561, 562 

Crithidia , 630 

Crocidura, 372 

Ctenoplectra, 222 

Cyclocephala, 294, 443 

Cynniris, 338 

Dcinaus, 525 
Dasypoda, 380, 388 
Deilephila, 114, 115, 325, 327 
Dejeania, 311 


Index of Animal Genera 


• 769 


Dendroctonus, 138 
Derelomis, 138 
Dicdictus, 282, 283, 624 
Didelphus, 372 
Diglossa, 340, 543 
Diglossopis, 340 
Dolichovespula, 297 
Donacia, 294 
Drosophila, 535 
Dufourea, 380 

Elaeiobius, 527, 613 
Elephantulus, 372 
Endaeus, 294 
Ensifera, 264, 340 
Eonycteris, 360, 366, 369, 614 
Epeolus, 380 
Epicephala, 573 
Epicharis, 222 

Episyrphus, 284, 312, 313, 314, 315 
Eristalis, 121, 123, 124, 176, 251, 283, 284, 285, 312, 
313,314,315,316, 599 
Eucera, 380, 405, 538, 550, 615 
Eufriesea, 380, 406 

Euglossa, 208, 227, 228, 380, 383, 406, 443 

Eulaema, 228, 380, 383, 406, 495 

Eulampis, 353, 468 

Eulemur, 375 

Eulonchus, 306 

Euphydryas, 328 

Eusphalerum, 294 

Euura, 295 

Evylaeus, 380, 391 

Exaerete, 380, 406 

Exomalopsis, 380 

Exoneura, 380 

Formica, 300, 547 
Frankliniella, 302 

Gaesischia, 380, 590 
Geospiza, 601 

Glossophaga, 357, 358, 359, 360, 367 
Graphiurus, 372 
Grey a, 565 
Gryllus, 115 

Habropoda, 62, 268, 283, 

Hadena, 566 

Halictus, 277, 285, 380, 383, 536, 607, 613, 619 
Halmenus, 302 

Heliconius, 152, 325, 326, 327, 328, 330, 443, 551 

Helicoverpa, 328 

Helophilus, 315 

Hemipepsis, 201, 297, 539 

Heriades, 181, 224, 380, 398 

Hesperapis, 124, 380, 407 


Heterosarellus, 167 

Hoplitis, 254, 267, 268, 282, 380, 391 

Hylaeus, 380, 383, 602 

Hyles, 325, 327, 463 

Ichneumon, 295 
Inachis, 199, 325, 327 
Ips, 138 

Krombeinictus, 297 

Lamellaxis, 377 
Laparus, 325 

Lasioglossum, 380, 383, 396, 405, 607, 613 
Lasius, 547 

Leioproctus, 173, 380, 386 
Leiotrigona, 380 
Leptidia, 328 

Leptonycteris, 361, 367, 443 

Limenitis, 324 

Linepithema, 562 

Lipotriches, 404, 525 

Lissopimpla, 296, 539 

Lithurgus, 380 

Lophyrotoma, 295, 539 

Lucilia, 119, 284, 307, 308, 309, 316 

Lycaena, 115, 325 

Lycus, 289, 290 

Macroglossum, 118, 285, 325, 326, 327, 329, 462, 468, 633 

Macroglossus, 366 

Macropis, 223, 380, 391, 405, 462 

Manduca, 118, 140, 141, 146, 151, 152, 325, 327, 559 

Maniola, 325 

Martinapis, 380, 579 

Megachile, 254, 268, 277, 285, 380, 381, 383, 390, 391, 404, 405, 
606,610,615,616 
Megommata, 320 
Melanostoma, 312, 313, 314 
Melecta, 380 
Meligethes, 289, 293, 559 
Melipona, 380, 384, 413, 414, 607, 614, 624 
Melissodes, 380, 611 
Melitta, 380, 406, 606, 610 
Melittoides, 380 
Melitturga, 380 
Metasyrphus, 312, 314 
Mus, 372 
Musca, 114, 115 
Myrmecia, 301, 539 

Nasua, 372 

Nectarinia, 210, 338, 354, 596 
Nemognatha, 289, 290 
Nephila, 551 

Nomia, 380, 579, 606, 610, 616 
Nosema, 630, 631 
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Oedemera, 293 
Oscinella, 309 

Osmia, 62, 150, 180, 181, 254, 268, 274, 283, 286, 

380, 381, 383, 389, 390, 391, 404, 438, 439, 472, 613, 
616,619 

Pachymelus, 602 

Panogena, 335 

Panorpes, 296 

Panurgus, 380, 383 

Papilio, 114, 115, 119, 325, 326, 327 

Parastasia, 230 

Parategeticula, 571 

Parus , 355 

Peponapis, 152, 380, 606, 613 

Perdita, 167, 267, 379, 380, 406, 578 

Periplaneta, 115 

Perizoma, 566 

Petaurus, 372, 374 

Phaethornis, 254, 266 

Pheidole, 299 

Phelsuma, 202, 371 

Philanthus, 550 

Phoebis, 325 

Phyllostomus, 360 

Pieris, 113, 118, 120, 123, 151, 277, 278, 325, 326, 

328,332 
Pimpla, 295 
Plagiolepis , 299 
Platycheirus, 312, 313, 314 
Plebeia, 380, 413 
Podalonia, 539 
Polyommatus, 325 
Praomys , 372 
Prifl, 230, 289, 294 
Prodoxus, 573 
Prosena , 311 
Prosoeca , 271, 514 
Proteriades, 380, 391 
Proxylocopa, 380, 406, 582 
Pseudapis, 380 
Pseudomasaris, 254 
Pseudomyrmex, 561 
Pteropus, 356, 357, 364, 366 
Ptiloglossa, 380, 392, 579, 611 
Pyrameis , 462 
Pyrausta , 325 

Rattus, 372 

Rediviva , 222, 224, 380, 406, 473, 581 


Rhabdomys, 372 
Rhagonycha , 289 
Rhingia, 312, 313, 315, 444 
Rophites, 380 
Rousettus , 358 

Saguinus, 374 
Scaptotrigona, 380, 401 
Scathophaga, 309 
Scolia, 296 
Siphonia, 311 

Sphaerophoria, 285, 312, 314 
Sphecodes, 380, 383 
Sphinx, 325 
Stelis, 380 

Sympetrum , 114, 115 
Synhalonia, 406 
Synocteris, 357 
Syrifte, 312, 314 

Tarsipes, 242, 372, 374 
Tegeticula, 571-72 
Tenthredo , 115 
Tetraglossula, 167 
Tetralonia, 150, 254, 380, 538 
Thinocorus , 351 
Thymelicus, 325, 328 
Thy reus, 380 
Trachusa, 406 
Trichocolletes, 277 

Trigona, 94, 254, 277, 380, 396, 413, 414, 495, 518, 519, 520, 
521,527, 532,587 

Upiga, 573 

Vanessa, 115,324, 325, 326 
Varecia, 375 
Varroa, 551, 553, 631 
Vespa, 297 
Vespula, 297 
Vestaria, 602 

Volucella, 176, 285,312,313 

Xanthopan, 325, 335 
Xenoglossa, 613 

Xylocopa, 62, 150, 175, 176, 210, 274, 283, 285, 380, 390, 396, 
398, 406, 462, 518, 519, 528, 549, 590, 601, 611, 616 

Zosterops, 601 
Zygaena, 330 
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Abutilon, 14, 41, 348 

Acacia (thorntree), 47, 152, 158, 161, 162, 163, 165, 166, 167, 

169, 188, 291, 301, 311, 330, 334, 348, 351, 376, 387, 392, 450, 
508,511-12, 547, 558-63 
Acer (maple, sycamore), 99, 308, 405, 422 
Achillea (yarrow), 239, 302, 404, 445, 635 
Aconitum (monkshood, wolfsbane, aconite), 11, 39, 40, 84, 191, 
192, 246, 255, 267-69, 387, 399, 400, 409, 496, 498, 516, 550, 
594 

Acrotriche (groundberry), 165 
Actinidia (kiwifruit), 174, 180, 529, 615 
Adansonia (baobab), 158, 362, 363, 364, 371 
Adonis (pheasant’s eye), 32, 33, 595 
Aegopodium, 635 
Aeschynanthus, 348 

Aesculus (horse chestnut, buckeye), 126, 349, 493 
Agalinis (false foxglove), 45 

Agave (century plant), 158, 180, 203, 235, 236, 238, 269, 327, 357, 
361-69,443,607,614 
Agrostis (bentgrass), 486 
Ajuga (bugle), 38, 310, 313, 331, 636 
Albizia (silk tree), 47, 334, 362, 367 
Alkanna, 127-28, 167, 392 
Allium (onion, leek, garlic) 

Alocasia, 566 

Aloe, 34, 201, 348, 349, 350, 374 

Alstroemeria (Peruvian lily), 209, 411, 557, 559, 626, 629 

Ambroma, 532 

Ambrosia (ragweed), 188, 420, 577, 

Amorphophallus (titan arum, devil’s tongue, corpse flower), 50, 
137,294, 370, 535 

Anacamptis (pyramidal orchid, green-veined orchid), 330, 496, 498 
Anchusa (alkanet, bugloss), 405, 495 
Andira, 405, 590, 621 

Anemone, 14, 33, 34, 122, 292, 293, 593, 598 

Angelica (wild celery), 297 

Angelonia, 222 

Angophora, 363 

Angraecum, 302, 335, 493 

Anguloa (tulip orchid), 535 

Annona (soursop, custard apple, cherimoya), 147, 291, 293, 614 
Antennaria (catsfoot, pussytoes), 237, 238, 532 
Antholyza, 348 

Anthriscus (chervil), 46, 157, 294, 635 


Anthurium (flamingo flower), 164, 225, 228 
Anthyllis (kidney vetch), 44, 549, 630, 636 
Antirrhinum (snapdragon), 15, 38, 107, 109, 131, 144, 147, 149, 
408, 409 

Aphelandra (zebra plant), 286, 344, 366, 472 
Apocynum, 399, 400 

Aquilegia (columbine), 26, 32, 193, 211, 269, 287, 334, 349, 463, 
465,491,557 

Arabiclopsis (rockcress), 486 
Aralia (spikenard), 495 
Arctomecon (bearclaw poppy), 406 
Arctostaphylos (bearberry), 302, 328, 391, 409 
Arcytophyllum, 78 
Ardisia, 174 

Arisaema (jack-in-the-pulpit, cobra lily), 58, 535 
Arisarum (mouse plant), 533 

Aristolochia (birthwort, Dutchman’s pipe), 225, 316, 317, 318, 

320, 532, 534 

Armeria (thrift, sea pink), 79, 161 
Artemisia (wormwood, sagebrush, mugwort), 239, 420 
Artocarpus (breadfruit, jackfruit), 320, 566 
Arum (cuckoo pint, lords-and-ladies, jack-in-the-pulpit), 54, 319, 
371,487, 534 

Asarum (wild ginger), 532, 533 
Ascarina, 18, 

Asclepias (milkweed), 157, 212, 225, 235, 249, 286, 330, 333, 406, 
498,514, 525, 542, 551 
Asimina (pawpaw), 146, 147 

Aster (michaelmas daisy, fleabane), 47, 84, 316, 331, 384, 411 
Astragulus (milk vetch, locoweed), 487, 592 
Astrocaryum, 239 

Ballota (horehound), 212, 636 

Banksia, 59, 179, 183, 337, 338, 344^15, 348, 349, 363, 373, 374, 
375-76, 456, 577 
Barringtonia, 363 
Bartsia, 592 
Bassia, 358 

Bauhinia (orchid tree), 157, 158, 360, 361, 363, 367 

Begonia, 52, 526-27, 532 

Bellevalia, 151, 525 

Berberis (barberry), 297, 391 

Bergeranthus, 32 

Beta (beet, beetroot, chard), 82, 108, 302, 428 
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Betonica, 623 
Blakea, 374, 376, 529 

Blandfordia (Christmas bells), 186, 235, 301 
Bombax (silk cotton tree), 158, 363, 635 
Borago, 126, 174 
Bougainvillea , 108 

Brassica (cabbage, mustard, swede, turnip, rape), 34, 62, 82, 158, 
294, 494, 496, 542, 547, 557, 605 
Bruguiera , 629 

Buddleja (butterfly bush), 144, 330 

Bulbophyllum (comb orchid, tongue orchid), 229, 320, 535 

Burmeistera, 363, 514 

Caesalpinia (brazilwood. Pride of Barbados, nicker), 169, 200, 
285,330, 331,334, 405,494 
Cajophora, 375 

Caladenia (spider orchid), 175, 536, 537, 539 
Calathea (prayer plant, rattlesnake plant), 443, 468 
Calceolaria (lady’s purse, slipper flower), 223, 351 
Caleana (duck orchid), 295, 539 
Calendula (marigold), 108, 232, 583 
Calliandra (powder-puff), 332, 348 
Callianthemum, 595 
Callirhoe (poppy mallow), 177 
Callistemon (bottlebrush), 47, 179, 348, 349 
Callitriche (water starwort), 427, 429 

Calluna (heather, ling), 42, 155, 296, 302, 404, 420, 423, 445, 635 
Calopogon (grass pink (orchid)), 498, 530 

Calotropis (crown flower, milkweed, sodom apple), 407, 518, 519, 
578 

Caltha (marsh marigold), 116, 326 
Calycanthus (sweetshrub), 229, 291 
Calydorea, 289 

Calypso (fairy slipper orchid), 524, 525 
Calyptrogyne , 356, 564 

Calystegia (bindweed, morning glory), 41, 160 
Camellia , 601 

Campanula (bellflower), 40, 41, 87, 123, 164, 247, 404, 406, 411, 
525, 594, 603 
Campsidium, 564 
Campsis, 349 

Capparis (caper bush), 34, 334, 406, 582 

Carallum, 534 

Cardamine (bittercress), 35 

Carduus (thistle), 48, 460 

Carica (papaya), 526, 532 

Carnegiea (saguaro), 180, 361, 362, 363, 367 

Carpobrotus, 630 

Caryocar (souari tree, pekea nut), 548 
Casarea 484 

Cassia (cassia, senna), 16, 19, 30, 79, 161, 173, 174, 176, 188, 
405, 406, 528 
Castanea, 179, 532 

Castilleja (indian paintbrush, prairie fire), 211, 214, 521, 564 

Catalpa (indian bean tree), 126, 561 

Catasetum, 149, 227 

Caulokaempferia, 87 

Cayaponia, 363 


Cecropia, 561 
Cedrus (cedar), 425, 428 
Ceiba (kapok), 286, 361, 362, 363, 599 
Centaurea (star thistle, knapweed), 48, 110, 163, 303, 309, 331, 
404, 409, 445, 509, 583, 636 
Centropogon, 35, 353, 357 
Centranthus (red valerian), 144, 331 
Centrosema , 604 

Cephalanthera (helleborine [orchid]), 525, 529 
Cerastium, 310, 594 

Ceratophyllum (hornwort), 427, 428, 429 
Cerinthe (honeywort), 214, 217, 405, 531 
Ceropegia (lantern flower, bushman’s pipe, necklace vine), 316, 
317,318, 320, 532, 534 
Chadsia, 348 
Chaetanthera, 496, 595 

Chamaecrista (sensitive pea, partridge pea), 158, 174, 522, 556, 
557 

Chamaedorea (parlour palm, bamboo palm), 420 
Chamaelirium (blazing star, devil’s bit, false unicorn), 65, 522 
Chamaerops (fan palm), 138, 182, 566 

Chamerion (fireweed, rosebay willowherb), 32, 157, 169, 195, 412, 
501 

Cheiranthus (wall-flower), 83 
Cheirostemon , 362, 363 
Chelone, 387, 400 

Chiloglottis (bird orchid, wasp orchid), 140, 539 
Chilopsis (desert willow), 205, 549, 578 
Chloanthes, 78 
Chuquiraga, 596 

Cimicifuga (bugbane, cohosh), 184 
Circaea, 239, 313, 315 
Cirrhopetalum, 535 

Cirsium (thistle, plume thistle), 48, 110, 144, 149, 239, 296, 303, 
309, 327, 332, 445, 495, 496, 510, 563, 635, 636 
Cistus (rockrose), 33, 166, 167, 182, 183, 299, 423, 495, 582, 583, 
630 

Citharexylum (fiddlewort, zitherwood), 284 
Citrus (lemon, orange, grapefruit, lime), 58, 136, 607 
Clarkia (clarkia, mountain garland), 70, 123, 149, 158, 235, 274, 
391,510,513 

Claytonia (winter purslane, indian lettuce), 123, 124, 282, 456, 

504, 557 

Clematis (traveler’s joy, old man’s beard, vase vine), 307, 308, 383 
Cleome (spider flower), 158, 334, 366, 367, 529 
Clerodendrum (bleeding heart, glorybower), 14, 52 
Clusia (autograph tree, pitch apple), 52, 223, 293, 302, 532 
Clusiella , 223 
Cnidoscolus, 558 

Cobaea (cup and saucer plant), 127, 363, 365, 366 

Cocos (coconut palm), 57 

Cojfea (coffee), 392, 610 

Colchicum (autumn crocus, naked ladies), 476 

Colletia (crucifixion thorn, anchor plant), 460, 461 

Collinsia (blue-eyed mary, Chinese houses), 270, 291, 472 

Colocasia (taro, cocoyam, dasheen), 535, 

Colpias , 222 
Columnea, 122, 348 
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Combretum (bushwillow), 207, 372, 494 

Commelina (dayflower, widow’s tears), 14, 17, 18, 19, 31, 110, 

160, 180, 545 
Commiphora , 602 
Conopodium (pignut), 46 
Conospermum (smoke bush), 386 
Conostephium (pearl flower), 173, 174 

Convolvulus (bindweed, morning glory), 35, 41, 50, 315, 334, 389, 
582, 583 

Cordia (manjack), 78 
Cornus (dogwood), 46, 164 
Correa, 344, 496 

Coryanthes (bucket orchid), 228, 229 
Corybas, 534 

Corydalis, 30, 39, 44, 84, 409, 412, 549 
Corylus, 99 
Coussarea, 78 

Costus (spiral ginger, crape ginger), 13, 348, 353, 510, 526, 548 
C otoneaster, 297, 298, 301 
Couroupita (cannonball tree), 17, 19 

Crataegus (hawthorn, thornapple), 33, 214, 215, 308, 404, 445, 

624 

Craterostigma (resurrection plant), 529, 530 
Crepis (hawksbeard), 71 
Crescentia (calabash tree), 361, 362 
Crocus, 22, 23, 32, 42, 123, 232, 582 
Cryptantha (catseye), 127, 128, 188 
Cryptostylis, 296, 539 
Cucumis, 557, 614 

Cucurbita (pumpkin, marrow, squash, gourd), 57, 149, 152, 158, 
182, 209, 557,614 
Cyclamen, 155, 174, 183, 582, 623 
Cyclopogon (ladies tresses orchid), 407 
Cymbidium, 490, 494 
Cycnoches, 227 

Cynogolossum (hound’s tongue, gypsyflower), 507 
Cyphomandra (Solanum ) (tamarillo), 16, 228 
Cypripedium (lady’s slipper orchid), 123, 236, 284, 534, 624 
Cyrtopodium, 87 
Cytinus, 299 

Cytisus (broom), 43, 44, 126, 283, 409, 496, 597 

Dactylorhiza (common spotted orchid, marsh orchid), 26, 225, 

525, 528, 533 

Dalbergaria, 348, 351, 405 

Dalechampia, 14, 101, 121, 223, 224, 228, 472, 475, 495, 515, 

532, 563, 602 
Daphne, 36, 123, 144, 582 
Datisca, 57 

Datura (Brugmannsia ) (thorn apple, jimson weed, devil’s trumpet), 
41, 141, 151, 152, 247, 327, 332, 334, 336, 349, 522, 559, 564 
Daucus (carrot), 26, 28, 29, 46, 284, 303, 308, 599, 610, 635 
Davidia (handkerchief tree), 248 
Daviesia, 525 

Delphinium (larkspur), 32, 62, 64, 66, 84, 209, 246, 342, 348, 384, 
408, 409, 436, 442, 443, 495, 497, 498, 501, 507, 508, 509, 516, 
517, 521,522, 526 
Dendrobium, 138, 297 


Desmodium (tick trefoil, tick clover), 129, 130 
Diamorpha, 299, 300 
Dianella (flax lily), 174, 529 

Dianthus (carnation, pink, sweet william), 34, 126, 284, 331, 332, 
336, 545, 

Diascia (twinspur), 222, 224, 407, 581 
Dicentra, 30 
Dicrostachys, 109 

Diejfenbachia (dumb cane), 294, 443 
Digitalis (foxglove), 38, 109, 110, 409, 410 
Dillwynia (parrot-pea), 525 
Dipladenia, 33 
Dipsacus, 636 

Disa, 59, 60, 218, 270, 297, 525, 531, 539 
Disperis, 222 

Disterigma (blueberry), 464 

Dodecatheon (shooting star, American cowslip), 18, 173, 174, 409, 
513, 

Dracula (frogskin orchid), 534 
Drakaea (hammer orchid), 297, 540 
Dryandra (Banksia ), 373, 374 
Dryas (avens), 116, 232, 233, 594, 595, 

Dudley a (live-forever), 465, 466 
Durio (durian), 158, 363, 368, 369, 614 

Ecballium (squirting cucumber), 527, 532, 583 
Echinopsis (hedgehog cactus, easter lily cactus), 271 
Echium (viper’s-bugloss), 52, 158, 210, 214—15, 267, 282, 391, 
404, 409, 507, 578, 583, 583, 599, 636 
Eichhornia (water hyacinth), 78, 79, 497, 499, 500, 529, 600 
Elaeis (oil palm), 566, 612 
Elodea (American water weed), 431 
Epacris (Australian heath), 123 
Epeura, 363 

Ephedra (joint pine, Mormon tea), 89, 90, 91, 157, 425 
Epidendrum, 229, 525 

Epilobium (Chamerion ) (fireweed, willowherb), 31, 32, 203, 393 
Epipactis (helleborine [orchid]), 150, 202, 297, 301 
Erica (heather, heath), 42, 155, 302, 348, 350, 509, 588 
Erigeron (fleabane), 328, 511, 555, 556, 557 
Eritrichium, 598 

Erysimum (wallflower), 35, 128, 130, 131, 331, 461, 564 
Erythrina (coral tree, flame tree), 157, 337, 348, 353, 354, 355, 
371,629 

Erythronium (dog’s tooth violet, trout lily, fawn lily), 61, 66, 160, 
282 

Erythroxlum, 78 
Espeletia, 420, 426 

Eucalyptus (gum tree), 179, 286, 338, 340, 344, 348, 363, 364, 
496, 502 

Eucomis (pineapple flower), 297 
Eugenia, 405, 484 
Eugeissona, 202 
Eulophia, 84, 525 

Eupatorium (boneset, thoroughwort, hemp agrimony), 297, 331 
Euphorbia (spurge), 34, 52, 57, 309, 370, 528 
Euphrasia (eyebright), 38 
Exacum (Persian violet), 529 
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Fagus (beech), 99 

Ferocactus (barrel cactus), 547, 562 
Ficus (fig [rubber plant]), 230, 443, 567-70 
Filipendula (meadowsweet, drop wort, queen-of-the-forest), 308, 
309 

Foeniculum (fennel), 46, 582 
Forsythia, 78 

Fouquieria (ocotillo), 407, 437, 443 

Fragaria (strawberry), 31, 141, 502, 555, 558, 564 

Fraxinus (ash tree), 421, 422, 428 

Freycinetia, 229, 265, 358, 363 

Fritillaria (fritillary, missionbells), 42, 355 

Fuchsia , 53, 218, 348 

Fumaria (fumitory, fumewort), 44 

Galanthus (snowdrop), 174 
Galium (bedstraw), 78 
Gardenia, 332 
Gaura (beeblossom), 332 
Geissorhiza, 32, 193 

Gelsemium (jessamine, trumpetflower), 201, 283, 559 
Gentiana, 400, 409, 593 
Gentianella, 624 

Geonoma (crownshaft palm), 140, 532 

Geranium (cranesbill), 34, 35, 71, 77, 184, 189, 286, 296, 497, 558 
Gilia, 75 
Gilliesia, 540 

Gladiolus (sword lily), 236, 270 

Glechoma (ground ivy, creeping charlie), 51, 310, 313, 636 
Glochidium, 573 

Gloriosa (flame lily, superb lily, glory lily), 79, 80 
Gnetum, 89, 90, 91 
Gongora, 221 
Gossypium (cotton), 611 

Grevillea (spider flower, silky oak, toothbrush), 337, 363, 577 
Grobya, 22 1 
Guazuma, 75, 76 

Gymnadenia (fragrant orchid), 327, 333 

Habenaria (bog orchid), 320 
Hakea, 560 

Halimium (rockrose), 299, 490 

Hamelia (firebush, firecracker, hummingbird bush), 34, 347 
Hedera (ivy), 157, 191, 297 
Hedysarum (sweetvetch, cock’s head), 283 
Helianthella (dwarf sunflower), 517, 518 
Helianthemum (rockrose, sunrose), 33, 77, 183, 423 
Helianthus (sunflower [Jerusalem artichoke]), 47, 124, 232, 
391,487 

Helicodiceros (dead-horse arum), 371 

Heliconia (wild plantain, false bird-of paradise), 158, 169, 246, 
341, 343, 346, 347, 348, 353, 468, 519, 553, 587 
Helleborus (hellebore [Christmas rose]), 14, 33, 34, 191, 192, 

195, 247, 558 
Helionopsis, 593, 597 
Hepatica (liverleaf, liverwort), 32 

Heracleum (hogweed [cow parsnip]), 46, 215, 250, 252, 275, 295, 
296, 297, 303, 308, 546, 630, 635 


Herniaria (rupturewort, green carpet), 299 
Herschelianthe, 407 
Heterophragma, 407 
Heterotheca (golden aster), 441 
Hibbertia, 174 

Hibiscus, 35, 79, 80, 109, 199, 302, 407, 499, 548 
Hieracium (hawkweed), 71,313 
Hillia, 363 

Hippocrepis (horseshoe vetch), 44, 623 

Holcoglossum, 87 

Homalomena, 230 

Homeria, 293 

Hormathophylla, 301, 420 

Hottonia (water violet), 78 

Hoy a (waxplant, waxvine), 211 

Huernia, 534 

Humboldtia, 545, 567 

Hyacinthoides (bluebell), 42, 315, 404, 409 

Hybanthus (green violet), 413, 485, 486, 495, 497, 511 

Hydnora, 532 

Hydrangea, 14, 46, 49, 52, 57, 110, 500, 528 
Hymenaea, 363 

Hypericum (St. John’s wort, tutsan, Klamath weed), 77, 183, 510, 
583 

Hypochaeris (cat’s ear), 303, 583, 636 

Impatiens (balsam, jewelweed, touch-me-not), 69, 75, 193, 246, 
282, 283, 315, 348, 349, 387, 399, 400, 409, 411, 456, 487, 499, 
515,549, 630, 631 

Incarvillea (Chinese trumpet flower), 87, 163 
Inga (ice-cream bean), 198, 347, 375, 522 
Ipomoea (morning glory, moonflower), 41, 132, 265, 357, 443, 
514, 557 

Ipomopsis (scarlet gilia, skyrocket), 64, 73, 99, 100, 101, 

122, 123, 211, 236, 255, 335, 342, 348, 439, 442, 454, 

455, 464, 496, 497, 507, 508, 509, 516, 521, 545, 547, 

549, 555 

Isomeris, 555, 557, 559 
Isopogon, 188 

Iris (iris, flag), 22, 44, 45, 387, 409, 529, 532, 555 
Ixia (com lily), 32, 193, 293 
Ixianthes (riverbells), 222, 269 

Jacaranda, 18, 19 
Jacaratia (wild papaya), 526, 532 
Jasminum (winter jasmine), 78, 79, 332, 496 
Justicia (shrimp plant), 216, 231, 254, 255, 347, 348, 353, 518, 
520, 544 

Kallstroemia (caltrop, Arizona poppy), 177 
Kalmia (mountain laurel, sheep laurel), 163, 491, 515 
Keckiella (beardtongue, snapdragon), 166, 270, 272 
Kigelia (sausage tree), 158, 359, 363, 364, 365, 368, 375, 

585, 635 

Knautia (widow flower, field scabious), 286, 313, 331, 391, 407, 
635, 636 

Kniphojia (red hot poker), 348 
Koehneria, 17 
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Lafoensia , 360, 363 
Lagerstroemia (crape myrtle), 160, 529 
Lamiastrum (archangel), 38 
Lamium (deadnettle), 38, 157, 409, 636 
Lantana (Spanish flag), 126, 127, 149, 302, 324, 327, 330, 407, 
441,494, 525,531 
Lapeirousia , 514 
Larix (larch), 423, 616 

Larrea (creosote bush), 407, 439, 577, 578, 579, 621 
Lathraea (toothwort), 201, 547 

Lathyrus (sweet pea, vetchling), 43, 44, 328, 408, 409, 558, 594, 
636 

Lavandula (lavender), 100, 130, 255, 271, 282, 285, 329, 330, 442, 
443, 468, 555 

Lavatera (tree mallow), 35, 158 
Lecythis, 158 
Leonardoxa, 561 
Leonotis (lion’s tale, dagga), 588 
Leontodon (hawkbit), 313 
Leontopodium (edelweiss), 595 
Lepanthes, 539 
Lepidium, 555 

Leporella (fringed hare orchid), 301, 539 
Leptosiphon, 492 
Leucadendron, 230, 294 
Leucanthemum (ox-eye daisy), 445, 636 
Leucanthemopsis, 595 
Leucojum (snowflake), 174 
Lilium (lily), 16, 32, 42, 58, 160, 192 
Limonium (statice, sea lavender), 79 
Linanthus, 420 

Linaria (toadflax), 38, 133, 160, 193, 408, 409, 410, 549, 555 

Linum (flax), 78, 160, 236 

List era (tway blade), 295 

Lithophragma (woodland star), 456, 565 

Lithospermum (gromwell), 78 

Lobelia (Indian tobacco), 347, 349, 504, 514, 526, 533, 557, 588, 
596 

Lobularia (sweet alyssum), 301, 582 

Lonicera (honeysuckle), 33, 144, 145, 332, 333, 335, 336, 349 
Lophocereus, 573 

Lotus (bird’s foot trefoil, deervetch), 44, 111, 150, 210, 232, 409, 
630, 636 
Louteridium, 363 
Luff a (luffa, loofah), 547 
Lundia, 195 

Lupinus , 44, 123, 128, 129, 174, 239, 493, 494, 526 
Lychnis (ragged robin), 331 
Lycopersicon (Solanum ) (tomato), 23, 141, 174 
Lysichiton (skunk cabbage), 294 

Lysimachia (yellow loosestrife, creeping Jenny), 174, 222, 223, 
391,405 

Lythrum (loosestrife), 36, 78, 161, 514, 630 

Mabea , 363, 371 
Macaranga , 302, 561 
Macranthera, 349 
Macromeria (giant trumpets), 286 


Madhuca, 358 

Madia (tarweed), 494 

Magnolia , 30, 64, 97, 291, 292, 293 

Mahonia (Oregon grape), 33, 77, 163 

Malpighia, 222, 223 

Malus (apple), 308, 404 

Malva (mallow), 22, 34, 77, 404, 497 

Malvaviscus (Turk’s cap mallow, wax mallow), 302, 346, 347, 545 
Mandevilla (Chilean jasmine), 334, 347 
Manettia , 347, 348 
Mappia, 591 

Marcgravia, 348, 350, 351, 362, 363 
Marginatocereus (organ pipe cactus), 369 
Masdevallia, 320, 535 
Masaola, 603 
Massonia, 207, 374 

Maxillaria (spider orchid, tiger orchid), 225, 529 
Medicago (alfalfa, lucerne, medick), 44, 188, 297, 409, 609 
Melaleuca (honey myrtle, paperbark), 302, 363, 364 
Melampyrum (cow-wheat), 529 
Melastoma, 176 

Melilotus (melilot, sweet clover), 42, 150, 296, 313, 551 

Mentha (mint, pennyroyal), 38, 296, 309, 311, 331 

Mentzelia (blazingstar), 167, 525 

Menyanthes (bogbean), 78 

Mercurialis (dog’s mercury), 167, 182, 238, 422 

Merremia (morning glory, arborvine), 328, 578 

Mesembryanthemum (icicle plant, pebble plant), 32 

Metaplexis (rough potato), 170 

Metrosideros (rata), 370, 511, 602 

Microloma, 354 

Microtis (onion orchid), 299, 300, 301 

Mimulus (monkey flower, musk flower), 23, 24, 64, 66, 67, 71, 77, 
87, 121, 124, 132, 160, 179, 203, 239, 265, 267, 271, 274, 348, 
391, 465, 466, 468, 494, 504, 529, 555, 597, 630, 633 
Mirabilis (four o’clock flower, marvel of Peru), 158, 168, 329, 332, 
335 

Mohavea (ghostflower), 525, 532 
Monarda (bee-balm, oswego tea), 349 
Monochoria (heartleaf, false pickerel weed), 161 
Montrichardia, 169 
Moraea, 293 

Mouriri , 19, 175, 222, 223 
Moussonia, 211, 553 

Mucuna (deer-eye bean, velvet bean), 344, 359, 360, 363, 365, 366 

Musa (banana, plantain), 158, 207, 363, 366, 368 

Muscari (grape hyacinth), 42, 310 

Mussaenda, 78 

Mutisia, 348 

Myosotis (forget-me-not), 33, 64, 125, 127, 128, 158, 309, 310, 
331,496, 497, 498 
Myristica (nutmeg), 526, 532 

Najas (guppy grass), 429 

Narcissus (daffodil, jonquil), 30, 42, 79, 108, 140, 142, 232, 233 
Nasa, 41, 270 

Nasturtium (watercress), 392 
Nemophila (baby blue-eyes), 32, 560, 564 
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Nerium (oleander), 335, 352 

Nicotiana (tobacco), 35, 142, 144, 149, 152, 200, 201, 202, 335, 
557,559 

Nigella (love-in-a-mist, devil-in-a-bush), 160, 298 
Nigritella , 330 

Nothofagus (southern beech), 426 
Nymphaea (water lily), 30, 294, 532, 535 
Nymphoides (fringed water lily), 78 

Ochroma (balsa tree), 203, 363, 365, 371, 372, 375 

Odontites (red bartsia), 636 

Oemleria (Indian plum, osoberry), 237 

Oenothera (evening primrose, suncup), 82, 145, 391, 407, 490, 

555,557, 623 

Olea (olive, ironwood), 182 
Oncidium, 222, 223, 525, 528, 533 
Oncocyclus (Iris), 231 

Ophrys (bee orchid), 115, 138, 150, 151, 296, 297, 395, 443, 528, 
536, 537-39, 540 

Opuntia (prickly pear), 108, 179, 439, 604, 630 
Orchidantha, 294 

Orchis (early purple orchid, monkey orchid), 126, 151, 496, 498, 
525,536 

Oreo sty lidium, 472 
Oreoxis, 598 

Origanum (marjoram, oregano), 38 
Osmanthus, 151 

Oxalis (wood-sorrel, false shamrock), 16, 78, 87 

Pachycarpus, 201 
Paeonia (peony), 467, 558 
Palicourea, 66, 78, 246, 342 

Papaver (poppy), 33, 34, 82, 116, 142, 174, 183, 231, 232, 233, 
293, 392, 409, 595 

Paphiopedilum (slipper orchid), 314, 529, 535 
Parkia, 47, 203, 363, 364 
Parkinsonia (paloverde), 405, 493, 494 
Parmenteria, 315, 363 

Pamassia (Grass of Parnassus, bog-star), 528, 529 
Paronychia (nailwort), 299, 300, 598 

Passiflora (passion flower), 177, 264, 265, 266, 348, 350, 363, 366, 
407, 462, 548,587,611-12 
Pastinaca (parsnip), 46, 295, 308 
Pavonia (swampmallow), 15 

Pedicularis (lousewort), 38, 39, 40, 127, 173, 174, 246, 395, 409, 
493,514, 549 

Pelargonium (geranium, storksbill), 32, 136, 193, 311, 514 
Penstemon (beard-tongue), 77, 116, 121, 122, 132, 162, 166, 196, 
211, 214, 218, 264, 272-74, 286, 298, 340, 348, 352, 391, 404, 
438, 439, 455, 467, 507, 593 
Peraxilla (red mistletoe), 351, 602 
Persea (avocado), 75 
Persoonia, 633 

Petunia, 144, 149, 203, 220, 274, 465, 493, 494 
Phacelia (scorpionweed), 253, 254, 391, 495, 637 
Phaseolus (bean, runner bean, lima bean, kidney bean), 302, 544 
Philodendron, 293, 294, 536 
Phillyrea, 57 


Phlomis (Jerusalem sage), 38, 207 
Phlox, 99, 100, 121, 331, 332, 487, 513, 514 
Phoenix (date palm), 605 
Phormium (New Zealand flax), 370 
Phyla (fogfruit, frogfruit, turkey tangle), 495 
Phylloctenium, 585 

Phyllodoce (mountain heath), 593, 596, 598 

Phyteuma (rampion), 46, 582 

Picea (spruce), 157, 428 

Pilosocereus, 599 

Pinguicula (butterwort), 294 

Pinus (pine), 157, 160, 425, 426, 427, 428 

Piper (pepper), 432, 486 

Pisum (pea), 606 

Pittosporum, 335 

Planchonia, 363 

Plantago (plantain), 57, 99, 313, 422, 423, 428 
Platanthera, 32, 141, 149, 332, 333 
Pleurothallis (bonnet orchid), 535 
Plumbago (leadwort), 33, 545 
Plumeria (frangipani), 335, 532 
Poa (meadow grass, bluegrass), 71 
Podophyllum, 532 
Polanisia, 513 

Polemonium (Jacob’s ladder), 35, 73, 99, 100, 101, 124, 140, 149, 
152, 204, 464, 489, 517, 518, 545, 549, 564, 594, 597 
Polygala (milkwort, snakeroot), 492 
Polygonatum (Solomon’s Seal), 42 

Polygonum (knotweed, bistort, adderwort), 99, 110, 299, 545 
Pontederia (pickerel weed), 66, 78, 235, 412 
Popowia, 301 
Populus (poplar), 428 
Portulaca (purslane, pigweed), 108 
Potamogeton (pondweed), 188, 431, 432 
Potentilla (cinquefoil, tormentil), 33, 34, 51, 126, 175, 183, 308, 
593 

Primula (primrose, cowslip, oxlip), 30, 33, 74, 77, 78, 79, 107, 
116, 123, 140,310, 593 
Prosopis (mesquite), 577, 578 

Protea (sugarbush), 165, 179, 215, 285, 338, 348, 350, 363, 373, 
374, 375, 376, 588 

Prunella (self-heal, heal-all), 38, 387, 399, 400, 636 
Prunus (cherry, plum, peach, almond, apricot), 33, 36, 116, 302, 
308, 404, 445,613 

Pseudobombax (shaving brush tree), 158, 179, 362, 363, 

375,376 

Pseudofumaria, 44 
Pseudotsuga, 428 
Psychotria, 78, 353 

Pterostylis (greenhood orchid), 320, 539 
Pulicaria (fleabane), 331 
Pulmonaria (lungwort), 78, 126, 127, 310, 404 
Pulsatilla (pasque flower, wind flower), 14, 32, 75, 192, 

232, 595 
Pyrola, 175 
Pyrus (pear), 613 

Quisqualis (Chinese honeysuckle), 127, 149 
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Rafflesia (corpse flower), 50, 137, 316, 317, 532 
Ramonda, 174 

Ranunculus (buttercup, water crowfoot, celandine), 11, 33, 34, 58, 
82, 109, 142, 232, 239, 292, 293, 294, 295, 296, 404, 445, 594, 
595, 596, 597 

Raphanus (radish, charlock), 116, 118, 120, 123, 124, 158, 184, 
186, 274, 330, 454, 464, 510, 556, 557, 559, 564 
Raphiolepis (Indian hawthorn), 126 
Ravenala (traveler’s palm), 375 
Reseda (mignonette), 309, 582 
Rhexia, 174 

Rhinanthus (rattle), 38, 636 
Rhizanthella (underground orchid), 302 
Rhizanthes, 316 

Rhododendron (azalea), 144, 169, 202, 283, 493, 494, 592, 593, 
603, 630 

Ribes (currant, gooseberry), 77, 144 
Richea (honey bush, giant grass tree), 371 
Ricinus (castor oil plant), 164 
Rosa (rose), 33, 136, 143, 180 

Rubus (raspberry, blackberry/bramble), 33, 34, 71, 209, 296, 303, 
331, 404, 445, 526, 527, 612, 635, 636 
Rudbeckia, 518, 555, 557 
Ruellia (wild petunia), 266, 472 
Rumex (dock, sorrel), 422, 423 

Sabatia, 497 

Saintpaulia (African violet), 109, 529 

Salix (willow, sallow, osier), 295, 389, 391, 404, 406, 421, 445, 

504, 594, 595, 636 

Salvia (sage), 14, 30, 37, 38, 131, 163, 346, 348, 409 

Samanea, 623 

Sambucus (elder), 46 

Sanguisorba (salad burnet), 57 

Saponaria (soapwort), 214, 332, 333, 335 

Sarcococca, 532 

Satyrium, 170, 297, 496, 498 

Sauromatum (voodoo lily), 138, 228 

Saxifraga (saxifrage), 46, 57, 58, 75, 529, 592 

Scabiosa (scabious, pincushion flower), 46, 283, 313, 331, 409, 583 

Schisandra (magnolia vine), 157, 320 

Schizanthus (butterfly flower, poor-man’s orchid), 268, 274 

Schumacheria , 174 

Scutellaria (skullcap), 38 

Sedum, 46, 308, 331, 582, 597 

Senecio (ragwort, groundsel), 47, 48, 99, 296, 445, 495, 635 

Serapias, 230, 540 

Shepherdia (buffaloberry), 307 

Shorea, 293, 509, 566, 587, 589 

Sidalcea (checkerbloom), 53, 237 

Silene (catchfly, campion), 53, 237 

Simmondsia (jojoba), 425 

Sinapis (white mustard, wild mustard, charlock), 82, 330, 556 
Sisyrinchium (blue-eyed grass), 315 
Smyrnium (horse parsley, alexanders), 237 
Solanum (nightshade, tomato, potato, aubergine, soda apple), 16, 
17, 18, 23, 30, 57, 80, 167, 173, 174, 175, 176, 180, 183, 237, 
387, 392, 409, 494, 513, 529, 532 


Soldanella (snowbell), 41 

Solidago (goldenrod), 239, 296, 331, 411, 507, 510, 518, 593, 630 
Sonnertia (“mangrove”), 366 
Sophora (kowhai), 511 

Sorbus (whitebeam, rowan, mountain ash), 71, 308, 309 

Sparmannia, 15, 16 

Spartium (Spanish broom), 284, 582 

Spathodea (African tulip tree, flame-of-the-forest), 14 

Spiraea, 411, 445, 593 

Staberoha, 426 

Stachys (woundwort, lamb’s ears, betony, hedgenettle), 38, 313, 
331,409,515, 636 
Stangeria, 89 
Stanhopea, 227 

Stapelia (carrion flower), 137, 316, 532, 534 

Stellaria (stitchwort, chickweed), 166, 282, 504 

Stelechocarpus, 532 

Stenocereus (organ pipe cactus), 361 

Stephanotis (Madagascar jasmine), 33, 144, 145, 335, 547 

Sterculia, 293 

Strelitzia (bird of paradise flower, crane flower), 348, 349 
Streptocarpus (cape primrose, African primrose), 67, 109 
Strongylodon (jade vine, emerald creeper), 375 
Struthiola, 333 

Stylidium (triggerplant), 77, 164, 472 
Symphonia, 222, 374 

Symphoricarpos (snowberry, waxberry), 42, 296, 297, 298 
Symphytum (comfrey, knitbone), 150, 408, 409, 636 
Syngonium, 230 

Tabebuia, 405, 532 

Tacca (bat flower, cat’s whiskers), 70, 316 
Tacsonia (banana passionfruit), 350 

Tagetes (marigold, African marigold, French marigold), 108 
Talauma, 291 
Tambourissa, 18 

Tanacetum (tansy, feverfew, bachelor’s buttons), 404 

Taraxacum (dandelion), 48, 71, 157, 239, 313, 445, 504, 635 

Tavaresia, 316 

Taxus (yew), 426 

Telopea (waratah), 343, 372 

Teucrium (germander), 38, 298, 331 

Thalassia (turtle grass), 430 

Thalictrum (meadow rue), 11, 183, 282, 422, 426, 527 
Thelymitra (sun orchid), 175 

Theobroma (cocoa), 18, 19, 82, 144, 302, 320, 566, 614 
Thunbergia (black-eyed Susan, clockvine), 406 
Thymus (thyme), 38, 212, 296, 487, 583, 636 
Tilia (lime tree, linden, basswood), 99, 155, 214, 250, 251, 252, 
296, 303,308,331,423 

Tolmeia (piggyback plant, mother-of-thousands), 

Tonella, 320 

Torenia (wishbone flower, bluewings), 163, 529, 530 

Tournefortia, 601 

Traunsteinera, 528 

Trianaea, 362, 363 

Trichantha, 363 

Trichoceros, 320 
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Trigonella (fenugreek), 188 

Trifolium (clover, trefoil), 42, 64, 123, 179, 212, 239, 313, 404, 
409,412, 528,610, 636 
Trillium (wake-robin, birthroot), 109, 239 
Trinia (honewort), 299, 301 
Tristerix (cactus mistletoe), 487, 592 
Trochetia, 202, 371 
Trochodendron, 75 
Trollius (globeflower), 192, 566, 598 
Tropaeolum (nasturtium), 142, 348, 549 
Tulipa (tulip), 42, 109, 293 
Turnera, 600 

Tussilago (coltsfoot), 48, 239, 532 
Tylosema, 168 
Typha, 158, 239 
Typhonium, 535 

Ulex (gorse, furze, whin), 44, 107, 409, 582, 594 
Ulmus (elm), 421, 428 
Urginea (red squill, sea onion), 420 
Urtica (nettle, stinging nettle), 57, 422, 423 
Utricularia (bladderwort), 23, 77, 531 
Uvaria, 302 

Vaccinium (cranberry, blueberry, bilberry, huckleberry), 42, 174, 
268, 386, 409,515,544, 593 
Valeriana (valerian), 308, 331 
Vallisneria (eelgrass, tape grass), 431, 432 


Vanilla, 614 

Verbascum (mullein), 15, 116, 157, 502, 529 

Viburnum (wayfaring tree), 46, 49, 57, 290, 291, 294, 500, 528 

Vida (vetch, broad bean), 43, 110, 387, 400, 409, 543, 

544, 636 

Victoria (giant water-lily), 294, 535 
Viguera, 511 

Vinca (periwinkle), 22, 33, 126 

Viola (violet, pansy, heartsease), 39, 87, 129, 142, 192, 193, 310, 
328, 409, 462, 468, 509 
Virgilia (cape lilac, blossom tree), 406 
Volvulopsis, 377 

Wahlenbergia (Australian bluebell), 525 
Welwitschia, 89, 90 
Werauhia, 360 
Wilkiea, 301 

Xylopia, 147, 230, 294 

Yucca (Joshua tree, Spanish bayonet), 230, 443, 471, 571-73 

Zaluzianskya (night phlox), 271, 525 
Zannichellia (homed pondweed), 429 
Zauschneria, 179 
Zea (com, maize), 180, 182, 428 
Zigadenus (star lily, deathcamas), 180 
Zostera (marine eelgrass), 430 


